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: GROUP ART UNIT: 1636 



: EXAMINER : R . Schwar tzman 



DECLARATION 

Honorable Commissioner of* 

Patents & Trademarks 
Washington , D. C. 20231 

Sir : 

I, Ryuichi MORISHITA, a Japanese citizen, c/o 
11-22-502, Miyahara 2-chome, Yodogawa-ku , Osaka-shi, 
Osaka 532 Japan, declare and state as follows: 



1. I am the first inventor of the above- 
identified application. 



2. An up to date copy of my curriculum vitae is 
attached hereto • As can be seen from the curriculum 
vitae, I currently hold the positions of Chief of the 
Section of Gene Therapy , Department of Geriatric 



Medicine, Osaka University Medical School, and Chief of 
the Section of Cardiovascular Medicine, Division of Gene 
Therapy Science, Osaka University Medical School. I 
obtained the qualification of MD from Osaka University 
Medical School in Japan in 1987, and the qualification 
of PhD from Osaka University Medical School in Japan in 
1991. I am an author of 145 scientific publications. My 
research interests include a gene therapy using a HGF 
gene. 

3. I am familiar with the prosecution history of 
the above-identified application. I have read the Final 
Official Action dated August 11, 1999 on the application, 
and the prior art references cited therein. 

4. I have noted the Examiner's position in the 
Final Office Action that the claims are broadly drawn to 
any type of expression vectors comprising a hepatocyte 
growth factor (HGF) gene and any route of administration 
of the expression vector to treat a patient. Also, I 
have noted the Examiner's position that the claimed 
liposome comprising an expression vector containing the 
HGF gene and fused to Sendai virus and the treatment 
method using the liposome would be obvious over Thierry 
et al. or Isner each in view of Morishita et al . 
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5. However, as discussed in detail below, I 
believe that the specification provides sufficient 
enablement disclosure for direct administration of any 
type of expression vectors containing the HGF gene 
to a target site or injured tissue, and for 
intramuscular administration of any type of the 
expression vectors. Further, I believe that the direct 
administration or intramuscular administration of the 
expression vector for treating a subject in need of HGF 
is unobvious over any of the prior art references. 

The Present In vention 

6. I have been involved with research on the 
feasibility of a gene therapy using a HGF gene for many 
years, and have found that such a gene therapy can be 
applied to the treatment of various diseases. Recently, 
the gene therapy using the HGF gene has reached the 
stage of its application to clinical trial. Thus, 
according to the present invention, I have gained the 
assurance that the HGF gene would enable the gene 
therapy, and such my assurance is now going to be 
confirmed in the clinical trial stage. In Japan, many 
major news papers have interested in and recently 
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announced our clinical trial plan for the gene therapy 
using the HGF gene. The copies of the Japanese News 
Papers are attached hereto together with the English 
translations 
thereof . 

7. The present invention has, for the first time, 
ascertained the feasibility of the gene therapy using 
the HGF gene. In other words, it is not too much to say 
that my basic concept for the potential gene therapy 
using the HGF gene has been realized and completed 
according to the present invention. 

8. At the time when the Japanese applications, 
based on which the present application claims the 
priority under the Paris Convention, were filed in Japan, 
it had already been confirmed and well acknowledged in 
the art that the HGF protein is effective in the 
treatment of various diseases. However, nothing 
whatsoever had been made clear for the feasibility of 
the gene therapy using the HGF gene. Indeed, it had been 
entirely unclear whether the HGF gene after transfected 
would be expressed to produce the HGF protein, and 
whether the HGF gene would be effective as a gene 
therapy. The HGF protein is composed of 728 amino acids 
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and thus has a high molecular weight of about 100 kDa, 
and has a complicated structure consisting of a-subunit 
and £-subunit. Further, the HGF protein can exhibits 
its activity only after the single chain HGF protein 
expressed has been cleaved to the double chain protein. 
From these unique characteristics of the HGF protein, it 
has been entirely unpredicted whether the HGF gene after 
transfected would be correctly expressed to produce the 
single chain protein followed by the processing to the 
active double chain protein . to effectively exhibit its 
Pharmacol ogi cal acti vi ty . 

9. I and my co-researchers have first 
investigated whether the HGF gene could function 
similarly to the HGF protein after transfected to 
vascular endotherial cells and vascular smooth muscle 
cells. In fact, as demonstrated by the in vitro tests at 
Test Examples 2 - 7 of the present specification, we 
have made clear that the HGF gene was correctly 
expressed after transfected to the cells and could 
function similarly to the HGF protein to stimulate the 
growth of vascular endotherial cells without replication 
of vascular smooth muscle cells. Furthermore, we have 
revealed that the HGF gene could more significantly 
stimulate the growth of vascular endotherial cells than 



- 5 - 



the HGF protein , as demonstrated at Test Example 2 of 
the specification. 

10. Then, we have conducted in vivo tests to 
investigate the effect of the HGF gene. More 
specifically, as demonstrated at Test Example 8 of the 
specification , we have made clear that, when the HGF 
gene was administered to rat at the heart muscle, the 
gene could expressed to produce the HGF protein 
effectively exhibiting the angiogenesis activity, well 
reflecting the results from the in vitro tests at Test 
Examples 2 - 7 of the specification. As stated in the 
Amendment filed on June 30, 1999 in response to the 
Office Action dated December 30, 1998 on the above- 
identified application, the cells and animal models used 
in Test Examples 2-8 are well recognized in the art 
as correlating with a human diseases. Accordingly, the 
results from Test Examples 2-8 have revealed that the 
HGF gene is applicable to the treatment of arterial 
disease . 

11. In the meantime, it has been already made 
clear and confirmed that the HGF protein is effective 
in the treatment of various diseases, as described in 
detail in the specification at pages 1 to 2 . It is well 
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known in the art that the functions of the HGF protein 
is mediated by a HGF receptor, c-Met. That is, the HGF 
protein binds to the c-Met receptor to exhibit its 
biological activities such as cell growth stimulation on 
vasculars and tissues in various organs including liver, 
kidney, epithelium, brain nerve, lung and cartilage. 
Thus, the biological various activities of the HGF 
protein on various vasculars and tissues are based on 
the common mechanism via the c-Met receptor. 

12. As stated hereinabove, the results from Test 
Examples 2 - 8 of the specification have, for the first 
time, revealed that the HGF gene is applicable to the 
treatment of arterial disease. Thus, from the finding 
that the HGF gene is applicable to the treatment of at 
least one disease such as arterial disease, we could 
have then hightly expected that the HGF gene might be 
similarly effective in the treatment of other diseases, 
namely, the HGF gene might effectively function against 
other diseases based on the common mechanism via the c- 
Met receptor and therefore might be effective in the 
treatment of the other diseases for which the HGF 
protein is effective. 
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13. Under this expectation, as shown in Test 
Example 9 of the specification, we have investigated the 
biological action of the HGF gene on cartilage cells, 
which is considered to be definitely different from the 
angiogenesis activity of the HGF gene. In fact, we have 
elucidated the cartilage repair effect of the HGF gene 
when administered to a rat model with injured joint 
cartilage, and confirmed that the administration of the 
HGF gene has expectedly resulted in the significant 
repaire of the injured joint cartilage, 

14 . From the results of Test Examples 2 - 9 of 
the specification, I have gained the assurance that the 
HGF gene would be effectively applicable to the 
treatment of almost of the diseases for which the HGF 
protein is effective. In this regard, the specification 
states at page 9, lines 8 - 10 as follows: 

— The "pharmaceutical composition" used in the 

present invention indicates a medicament for the 
treatment or prevention of human diseases, which 
is attributed to the pharmacological activities 
of HGF. For example, exemplified are medicaments 
for the treatment or prevention of the diseases 
given hereinabove. According to the present 
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invention, the HGF gene is introduced into cells 
wherein HGF is expressed in those cells to 
exhibit the pharmacological actions. Thus, the 
medicament of the present invention is 
effectively applicable to the diseases for which 
HGF itself is effective. — 

15. After the present application was 
effectively filed in the U.S.A., some articles reporting 
experimental data confirming the effects of the gene 
therapy using the HGF gene according to the present 
invention have been published, as listed below: 

® Ueda et al . , Supplement to Circulation, Vol.96, 
No. 8, October 21, 1997, Abstract from the 70 th 
Scientific Session, I - 619. 

This article reports that the gene therapy using the HGF 
gene was effective for ischemia-reperf usion injury in 
the heart. 

0 Ueki et al . , Nature Medicine, Vol.5, No. 2, 
February 1999, 226 - 230. 
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This article reports that the gene therapy using the HGF 
gene was effective for liver cirrhosis. 

@ Yaegashi et al . , The Welfare Ministry Specific 
Diseases, Respiratory Diseases Research Group, 
Pervaded Lung Disease Sub-group, 1997 Research 
Report, 51 - 53. 

This article reports that the gene therapy using the HGF 
gene was effective for injured lung. 

® Ueda et al . , Ann. Thoracic Surgeons, 1999; 67: 
1726 - 1731. 

This article reports that the gene therapy using the 
HGF gene was effective for ischemia-reperf usion injury 
in the heart. 

16. Further, the inventors of the present 
invention have authored two articles unpublished but in 
press, as listed below: 

© Taniyama et al , Therapeutic Angiogenesis 

Induced by Human Hepatocyte Growth Factor Gene 
in Rat and Rabbit Hind Limb Ischemia Model. 
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This article reports that the gene therapy using the HGF 
gene was effective for hind limb ischemia. 

© Aoki et al . , Angiogenesis Induced by Hepatocyte 
Growth Factor in Non-inf arcted Myocardium and 
Infarcted Myocardium. 

This article reports that the gene therapy using the HGF 
gene was effective for infarcted myocardium on the same 
procedure as that used in Test Example 8 of the present 
specification . 

17. All the copies of Articles ® - © as listed 
above are attached hereto, and the copies of Articles ® 
and @ were also attached to the Amendment filed on June 
30, 1999 in the above-identif ied application. 

Rejection under 35 U.S. C. § 112, First Paragraph in the 
Final Office A ction 

18. I have noted that the Examiner has stated in 
the Final Office Action at page 3, line 17 to page 4, 
line 2 as follows: 
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— This evidence is deemed to provide sufficient 
support for the enablement of a pharmaceutical 
composition comprising a liposome fused to 
Sendai virus and comprising a plasmid 
expression vector containing the HGF gene and 
a method of treating patients with the 
pharmaceutical composition by direct 
administration to the target site. — 

Thus, the Examiner has admitted that the evidences , 
Articles ® and @ as stated hereinabove, sufficiently 
support the pharmaceutical composition for use as a 
method of treatment when directly administered to the 
target site. With regard to the direct administration to 
the target site, I would like to point out that Articles 
®, © and ®, in addition to Articles ® and ®, further 
sufficiently support the direct administration to the 
target site. 

19. The direct administration includes the 
embodiment wherein the pharmaceutical composition 
containing the HGF gene is directly administered to an 
injured tissue. Such an embodiment is specifically 
described in Test Examples 8 and 9 of the specification. 
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Further , Articles © and © support the direct 
administration of" the HGF gene to an injured tissue. 

20. In the meantime, according to the present 
invention, the pharmaceutical composition containing the 
HGF gene may be preferably administered intramuscularly 
to the subject in need of the HGF protein. In this 
regard, Articles ®, © and © report that, when the HGF 
gene was intramuscularly administered to each of the 
animal models with liver cirrhosis, hind limb ischemia 
and infarcted myocardium, the HGF gene was effective for 
those diseases on those different organs. These 
evidences fully support the effective intramuscular 
administration of the HGF gene, together with the 

statements "The medicament may be administered 

intramuscularly" in the specification at page 13, the 
last line to page 14, line 2 as well as Test Example 8 
of the specification wherein the HGF gene was 
administered to the heart muscle of the rat. 

21. In view of the foregoing, I believe that the 
above -identified application should enable a person 
skilled in the art to practice the direct administration 
of the HGF gene to the target site or injured tissue 
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and the intramuscular administration of the HGF gene as 
well . 

22. I have noted that, in the Final Office 
Action dated August 11 , 1999 , the Examiner has accepted 
only the Sendai virus-fused liposome (HVJ-liposome) 
encapsulating the plasmid vector containing the HGF gene 
as the dosage form in the present invention. However, I 
entirely disagree with the Examiner T s position, and the 
Examiner T s position should be unfounded for the reasons 
set forth below. 

23. Since the Test Examples of the specification 
have demonstrated and confirmed that the gene therapy 
using the HGF gene is effective for various diseases, we 
could have highly expected, in view of the extremely 
potent activity of the HGF protein per se as a cell 
growth stimulation factor, that any dosage forms of the 
HGF gene according to a viral expression vector method, 
a naked-DNA method using an expression plasmid containig 
the HGF gene, and the like would effective as the gene 
therapy similarly to the HVJ-liposome method used at the 
Test Examples of the specification. In this regard, the 
specification states at page 9, lines 5 - 

8 and page 12, lines 18 -24, respectively, as follows: 
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— the HGF gene may be used in the form of a 

viral vector having the HGF gene as described 
hereinafter, or in the form of an appropriate 
expression vector having the HGF gene. — 

— For introduction of the HGF gene into cells, 
conventional methods are employed, which are 
roughly classified into introduction via 
viral vectors and other strategies- Both 
methods are available for the preparation of 
the medicament of the present invention. — 

24. Indeed, the above statements in the 
specification are supported by the experimental data in 
Articles ® and © as listed hereinabove. More specifically, 
Articles ® reports that the transfection of the HGF gene 
to the animal model with injured lung according to 
Adenoviral vector containing the HGF gene was effective 
as the gene therapy using the HGF gene. Also, Article © 
reports that the intramuscular injection of "naked" 
human HGF plasmid into rat hindlimb ischemia model 
resulted in a significant increase in blood flow as 
stated at page 3 , lines 8-10. The naked-DNA method 
using the "naked" human HGF plasmid is a simple and 
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convenient method wherein a non-viral expression vector 
containing the HGF gene is directly transfected to the 
subject in need of the HGF protein without the use of 
viral particles , liposomes and the like. Therefore, 
according to even the naked-DNA method, the gene therapy 
using the HGF gene is also effective in the present 
invention . 

25. As is clear from the above statements, the 
use of any dosage forms of the HGF gene is effective in 
the present invention, which I believe is sufficiently 
supported by the descriptions in the specification of 
the above-identified application and has been confirmed 
by the Articles published after the effective filing 
date of the present application. 

26. In the meantime, I have noted that, in the 
Final Office Action, the Examiner has pointed out based 
on the teachings of Kohn et al . that "the actual gene 
therapy treatment was a disappointment, most likely due 
to the inefficient gene delivery system." As pointed 
out by the Examiner, the gene therapy technique might 
not yet, in general, been established in the art. 
However, I believe that this general knowledge in the 
art should not be applied to the gene therapy using the 
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HGF gene. As discussed in detail hereinabove, it has 
been well acknowldged in the art that the HGF protein 
per se functions via the c-Met receptor to be effective 
for various diseases. Further, the Japanese News Papers 
attached hereto has announced that the HGF protein have 
attracted public attention due to the extremely potent 
activity for regenerating liver even if cut off the half 
of the liver. Also, Article ®, Francesco Galimi et al . , 
STEM CELLS, 1993; 11: 22 - 30, of which copy is attached 
hereto, states at page 22, the right column, lines 11 - 
15, as follows: 

— HGF is considered to be the major mediator of 
liver regeneration in vivo; it is a powerful 
mitogen for several cell types, including 
hepatocytes, kindney tubular epithelium, 
keratinocytes , endothelial cells and 
melanocytes . — 

Thus, the HGF protein is well known in the art to be an 
extremely potent cell growth stimulation factor. In view 
of the unique characteristic property of the HGF protein, 
since the Test Examples of the specification have 
demonstrated that the HGF gene is effective as the gene 
therapy, I have had the assurance that any dosage forms 
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of the HGF gene would be used as the gene therapy. 
Indeed, my this assurance has been confirmed by the 
experimental data in the Articles published after the 
effective filing date of the present application. 

Rejection under 35 U.S. C. § 103 (a) in the Final Office 
Action 

27. I have noted that, in the Office Action, the 
Examiner has considered that the present invention using 
the HVJ-liposome (Sendai virus-fused liposome) is 
obvious over Thierry et al . or Isner each in view of 
Morishita te al . However, I believe that the present 
invention using any dosage forms in addition to the HVJ- 
liposome should have inventive step over any cited prior 
art references, for the reasons as set forth in detail 
below. 

(1) Treatment method using HVJ-liposome c ontaining HGF 

gen^ 

28. Thierry et al . does not describe a HVJ- 
liposome but merely teaches the method for 
encapsulating high molecular weight nucleic acids in 
liposomes. Noticeably, Thierry et al . describes nothing 
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whatsoever of the specific treatment of diseases. 
Morishita et al . does not describe anything of the HGF 
gene and further provide nothing whatsoever of the 
specific treatment of diseases, although Morishita et al . 
teaches a HVJ-liposome . 

29. Isner teaches the treatment of arterial 
diseases, as pointed out by the Examiner in the Final 
Office Action. However, Isner does not specifically 
describe the effect of HGF gene, although Isner provides 
the pharmacological data for a VEGF gene. Even though 
the VEGF gene was effective as taught in Isner, a person 
skilled in the art could not have predicted whether the 
HGF gene might be similarly effective, for the reasons 
as given below. 

30. At the outset, I would like to emphasize 
that the HGF protein is definitely different as the 
substance from the VEGF protein. More specifically, the 
HGF protein has a molecular weight of about 100 kDa 
which is larger by twice than that of the VEGF protein. 
Further, the HGF protein is initially produced in vivo 
as a single chain protein, and then cleaved to the 
double chain protein to exhibit its biological activity. 
In this regard, the HGF protein is entirely contrasted 
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to the VEGF protein in the mechanism for exerting the 
biological activity. Therefore, even if the VEGF gene 
was effectively transfected, it could not have been 
predicted whether the HGF gene after transfected would 
be correctly expressed and processed to the double chain 
protein for exerting its biological activity. 
Furthermore, the receptor of the HGF protein is c-Met, 
which is different from the receptor of the VEGF protein, 
resulting in the different activity on vascular cells. 
Indeed, the VEGF protein has inclusively three 
activities, angiogenesis activity, vascular permeation 
activity and vasodepressor activity, which are important 
to the biological activity of the VEGF protein. In 
contrast, the HGF protein has substantially only 
angiogenesis activity, and has no vascular permeation 
activity. Thus, in view of these differences between the 
HGF and VEGF proteins, a person skilled in the art could 
not have predicted whether the HGF gene might be 
effective as the gene therapy. In this regard, Isner 
does not teach anything. Isner states from the column 3, 
line 40, as follows: 

— "Such proteins include, for example, acidic 
and basic fibroblast growth factors (aFGF and 
bFGF) , vascular endotherial growth factor 
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(VEGF) , hepatocyte growth factor 

(HGF) — 

Thus, Isner exemplifies all the possible angiogenesis 
factors, but the bFGF gene encoding the exemplified bFGF 
protein would be suspected to be ineffective as a gene 
therapy due to no signal sequence, although the bFGF 
protein has a potent angiogenesis activity. Under these 
circumstances , even though a protein was known to have a 
potent angiogenesis activity, a person skilled in the 
art could not have predicted whether the protein gene 
might be effective as a gene therapy, before conducting 
experiments to confirm the effectiveness as the gene 
therapy. Furthermore, Isner describes the different 
procedure wherein a catheter having hydrophilic polymers 
containing the VEGF gene attached to the end thereof was 
inserted to arterial vessel whereby the VEGF protein 
expressed was acted on the arterial vessel. Thus, the 
procedure of Isner was quite unique and complicated and 
therefore entirely different from the administration 
method of the present invention wherein the HGF gene is 
directly administered to the injured tissue or 
intramuscularly administered. 
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31. Accordingly, the views of the Examiner 
should be unjustified that "applicants 1 showing that HGF 
liposomes enable efficient transfection and expression 
of the HGF gene in arterial cells is exactly what one of 
ordinary skill in the art would expect following a 
reading of the cited references." In view of the 
foregoing discussions, I believe that the treatment 
method using the HVJ-liposome containing the HGF gene 
according the present invention is not obvious over 
Thierry et al . , Isner and Morishita et al . , singly or in 
combination therewith. Furthermore, I also believe that 
the treatment method using any dosage forms of the HGF 
gene is not obvious over Thierry et al . , Isner and 
Morishita et al . , singly or in combination therewith. 

(21 Pharmaceutical composition comprising HVJ-liposome 
containing HgF gene 

32. The pharmaceutical composition comprising 
HVJ-liposome containing the HGF gene according to the 
present invention indicates a pharmaceutical composition 
actually exhibiting a therapeutic effect for diseases. 
On the other hand, Thierry et al . describes nothing of a 
HVJ-liposome, although Thierry et al . teaches a liposome. 
Thierry et al . teaches no more than the method for 
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encapsulating high molecular weight nucleic acids in 

liposomes. Thierry et al . describes neither the in vivo 

effect nor the therapeutical effect of the liposomes 
encapsulating the nucleic acids. 

33. Isner et al . does not teach anything of a 
HVJ-liposome actually exhibiting the pharmacological 
effect. Such a liposome would not be obvious to a person 
skilled in the art from the teaching of Isner et al . 
Morishita et al . does not teach anything whatsoever of 
the HGF gene, although Morisihita et al . describes a 
pharmaceutical composition comprising a HVJ-liposome. 
Morishita et al . merely describes a gene encoding ACE 
(angiotensin converting enzyme) irrelevant to the HGF 
gene. Furthermore r Morishita et al . teaches no more than 
that the ACE gene was trans fee ted vivo to the 
cultured cells of vessel enucleated from rat and that 
the expression of the ACE gene was confirmed by 
immunostaining the cells. Morishita et al . does not 
teach anything of whether the ACE enzyme expressed in 
vivo would actually exhibit its enzymatic activity and 
therapeutical effect . 

34. On the other hand, the HGF protein 
definitely differs from ACE enzyme in that the HGF 
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protein is a physiologically active protein having a 
complicated three-dimensional structure and requires 
various biological steps including the processing of the 
single chain protein to the double chain protein for 
exerting its biological functions. For the HGF gene 
encoding such a complicated protein, we have, for the 
first time, confirmed the therapeutical effect of the 
HGF gene when transfected to cells. Even though 
Morishita et al . teaches the transfection of the ACE 
gene into the cultured vascular cells, a person skilled 
in the art could not have easily arrived the 
pharmaceutical composition comprising the HVJ-liposome 
containing the HGF gene actually exhibiting the 
therapeutical effect, as achieved by the present 
invention . 

35. In view of the foregoing discussions, I 
believe that the pharmaceutical composition comprising 
the HVJ-liposome containing the HGF gene according to 
the present invention is not obvious over any of the 
cited references singly or in combination therewith. 

The undersigned declarant declares further 
that all statements made herein of his own knowledge are 
true and that all statements made on information and 
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belief are believed to be true; and further that 
these statements were made with the knowledge that 
willful false statements and the like so made are 
punishable by fine or imprisonment, or both, under 
Section 1001 of Title 18 of the United States Code 
and that such willful false statements may jeopardize 
the validity of the application or any patent issuing 
thereon . 

Signed this 20th day of January, 2000. 
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«Tac7eo from eclated neutrophils and mononuclear leuKocyies oKained from bnod s«rtjes 
oS Srej I m?S ol CP&C and a] 3 hrs of reperfusion failed lo oemonsirae IL6 wducuon. 
KSSISl the biopsied myocardium MMhi W«L? » 
nriCr SwcVSfSU producwn after CPS, nesulis of northern blots for ICAM- perrormed on 
^rr^rJ-'da fasuTrtoe ILpo studies showed ICAKH induction whrch was h. 5 Wy 

Sc^wrTc^ \irdfcpte9ic arresu appears to be s sufiicient siimutus to induce mycc E rd.al 
TTSSSk. ^STK f-oouSoTrnay ptey a pivotal rote in the development of 
depressed myocardial function postoperatively. 
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A Hybrid Artificial Lung wit IMO 3n d ecNOS Genes Transacted Endothelial 
Cells Attenuates the Inflammatory Reactions Induced by CPB 

Toshihiro Ohata.Mownobw Wshimyra. HaPme tehikswa Satoshi Tate^YMW^ia 
Ha^shi-Mutsiirni TakajiJskeomj Inooe, losWorni Ywt^a, Osaka Med.^Cottege.Os.Xa 
Japan 

MM i! mH h M » hvnass (CPB) the direct conwct of the Wood to the aniSciat lung IAL) evotes 

2!S^rrM«r*oiv re*uWno in post perfusion syndrome. For an aaenuation of these 
^S^vb^^^vSS cells rjq are cultured on the surf ace of hoflow 

^ rL nn ^Sl^ X inhibitory effects of nhnc oxide (NO) on PMN and 
SJ^!k^ Sihn« of imerteukirrflLVlO on production erf inflammatory cytokines such 
f S TaTlS^X SAw^ of inflammation. In Itostody. we 
Jiii "i T S d iKlSSw AL w* ecNOS and IMO Bene-transfeCted EC to 
Sit W iaCPB. in Z> eVnment ecNOS and IHO gene were transferee" us.ng 
wTKoflra^Vu« of Ja^Hposome method. The efficacy of the wjjto was 

^«r^nt?arStp1 to ■ JrtSwTSS^ rais to eva<utfe the serum leveJc 

non-treated EC (E,m-3) or coated with ecNOS and MMranriected E C rjj a 

IL^ level in the T group h*t after CPB was ^ n ^^^J™" ^IL-I0an 
(1728*282 « 4275±14S pgU, p-0.0l5t). Tn^esufesugges^at Ityond AL wrth IL-10 an 
ecNOS genes iransfected EC may aflenuate the IRmduced by cpb. 
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Prolonged Hypothermic Circulatory Arrest Causes Neurologic Sequelae 
Despite Somatic Recovery In the Rat 

AWraTKawaguchl. Tofc* Urwersily. J ^^^. Y ,?^^S!Sutar 
Srsity.Owka Japan; WroaW Narhorri. Hauue ishibash.Ueda. ^^Si^SiL 
SrOsa^aTshiTOsaku Koide, Totwi Univererty. lsehara Japan; Atsushi Yamatodar 
Osaka Wical Consge. Osaka Japan 

Objective: Integrated neuron function. ^^^.,^^^.^1^; 
rats undergoing 1 to B0 minutes (min) of deep hypothermic oratory arrest (HCA). wewc 
A tXSEt : extracorporeal circulation system (ECq consisting of an o^oerau M 
e^^'pSSXS ml of esanguirius soMiOh. was f^t*^t£?loZ 
^utaVr; uTrigh, ^rfum for ver^C^ina^^ return ^^^ E ^ 

mSwHoa up lo 3 months after HCA. when pyrar«da» C^*erei 
S^^^^Sootoin CA1 sector of rryppocampus and cerebral cortex. Nonelhete* 
^ 2a5Z^HcT5L r-2e^ anowed C^P L animals (n^SJ » 
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In Vivo Gene Transfection of Hepatocyte Growth Factor Attenuates Ischemia- 
Reperfusion Injury in The Heart : Evidence for A Role of HGF in Endogenous 
Myocardial Protection 

■Hideki Ueda,Yoshiki Sawa.Youichi Kawahira, Koji Kagisaki, Kunio Matsumoto, Toshikagu. 
Nakamura, Hikaru Matuda. Osaka Medical College, Osaka Japan 

Hepatocyte growth factor(HGF) plays a role as mitogen, motogen and morphogen mainly for 
epithelial ceils and It also promotes cell survival in liver and central nervous system. Though c- 
met, a high affinity HGF receptor, is ' constitutionally expressed in the heart, especially in 
coronary endothelial cells, a role of HGF in the heart is undetermined exclusive of promoting 
angiogenesis after myocardial ischemia, in this study, we try tq assess the chronological kinetics 
of endogenous HGF and c-met in the heart after myocardial ischemia and clarify whether HGF 
may attenuate" ischemia reperfusion (I-R) injury' in the heart using in vivo gene- transfection of 
human HGF into the heart with HVJ liposome method. <K3netics of endogenous HGF> Total 
RNA was extracted from Wistar rat (8weeks after birth) hearts from.3hours to. l;4days. after ^ 
myocardial ischemia' by left coronary artery ligation. Stronger band of RT-PCR products from 
HGF mRNA was detected at 3days after myocardial ischemia and that of c-met mRNA was also 
detected at 24 hours "after ischemia.<Roies of HGF> After isolation of Wistar male rat (n=12, 
2G0-250g) hearts, these hearts- were transfected HVZ liposome with or without human HGF 
cDNA (HGF group(n=6) vs. control group(n*6))." They were transplanted/in the abdomen of 
recipient rats of the same strain. At 4 days after transplantation, these hearts were isolated and 
perfosed with Krebs-Henseleit solution. Left ventricular developed pressure (LVDP), heart rate 
(HR) and coronary flow (CF) were measured before and after 30 min: of warm ischemia (37 C) 
followed by 30 min. of reperfusion. To clarify evidence"for gene transfection, we confirmed I RT- 
PCR products from human HGF mRNA- using primers set to . little anneal rat HGF mRNA. 
Recovery ratio of LVDP (H vs. C, 1 1 3±36 vs. ?6±9%) were significantly higher in the HGF group 
than in control group (p=0.03). Recovery ratio of HR and CF in both groups did not show 
significant difference. Creatine kinase (Og leakage in the coronary efflqen , d »""9 5 ^ 
reperfusion (H vs. C, Q±0 vs, 71±47 mlU/5min.) were significantly lower in the HGF group than 
in control group (p-0.002). These results suggested that ^f d 'i!^f^ P a J" du ^ 
endogenous HGF and c-met in the rat heart and in vivo gene transfection of HGF with HVJ 

liposome method attenuates l-R injury in it 
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Liver cirrhosis is the Irreversible end result of fibrous scarring 
and hepatocellular regeneration, characterized by diffuse dis- 
organization of the normal hepatic structure of regenerative 
nodules and fibrotic tissue 1 . It is associated with prominent 
morbidity and mortality, and is induced by many factors, in- 
cluding chronic hepatitis virus infections, alcohol drinking and 
drug abuse. Hepatocyte growth factor (HGF), originally identi- 
fied and cloned as a potent mitogen for hepatocytes 2 "*, shows 
mitogenic, motogenic and morphogentc activities for a wide 
variety of cells*"*. Moreover, HGF plays an essential part in the 
development and regeneration of the liver 47 '™, and shows antl- 
apoptotic activity in hepatocytes". In a rat model of lethal liver 
cirrhosis produced by dim ethylnitrosa mine administrations, re- 
peated transfectlons of the human HGF gene into skeletal mus- 
cles induced a high plasma level of human as well as 
enodogenous rat HGF, and tyrosine phosphorylation of the c- 
Met/HGF receptor. Transduction with the HGF gene also sup- 
pressed the increase of transforming growth factor-pi 
(TGF-pl), which plays an essential part in the progression of 
liver cirrhosis, inhibited fibrogenesis and hepatocyte apoptosls, 
and produced the complete resolution of fibrosis In the cir- 
rhotic liver, thereby improving the survival rate of rats with this 
severe illness. Thus, HGF gene therapy may be potentially use- 
ful for the treatment of patients with liver cirrhosis, which is 
otherwise fatal and untreatable by conventional therapy. 

Dimethylnitrosamine (DMN) was administered Intraperi- 
toneal^ to rats for 3 consecutive days each week (Fig.la)- After 
the fourth weekly administration of DMN, histological exami- 
nation of liver specimens showed the collapse of parenchymal 
cells and the formation of regenerative nodules separated by fi- 
brous septa. Reticulin fibers spread radially throughout the 
liver. The formation of thin fibrotic septa joining the central 
areas was observed, and a micronodular pattern of the 
parenchyma was evident in all rats (Fig. lb), similar to the char- 
acteristic pathological changes found In liver cirrhosis in hu- 
mans' 2 -". This illness was progressive and fatal to the rats, 
which all died after the seventh weekly DMN administration 
(Fig. If). To treat animals with this advanced disease, we estab- 
lished a simple and safe in vivo transfectton procedure of re- 



peatedly transducing skeletal muscles with the HGF gene using 
liposomes containing the hemagglutinating virus of Japan 14 " 6 
(HVJ liposomes). Beginning after the fourth weekly DMN ad- 
ministration (when there is serious liver cirrhosis), rats were in- 
fected in their skeletal muscles once a week either with HVJ 
liposomes containing 20 mg or 40 mg of human HGF expres- 
sion vector (HGF-HVJ liposomes), or with phosphate-buffered 
saline (PBS control) (Fig. la). After a single injection of HGF- 
HVJ liposomes, a substantial amount of human HGF was de- 
tected by enzyme-linked immunosorbent assay (ELISA) in the 
plasma of rats for more than a week (Fig. lc). Inoculation of 
more HGF-HVJ liposomes 1 week later further increased the 
plasma level of human HGF (Fig. lc). Similar results were ob- 
tained by ELISA using homogenates of muscle tissues injected 
with HGF-HVJ liposomes (data not shown). Plasma levels of en- 
dogenous HGF were assessed by ELISA specific for rat HGF. 
They were increased 1 week after the first DMN administration, 
and then gradually decreased to normal levels despite subse- 
quent DMN administrations (Hg.'lc). When these rats were 
transfected with HGF-HVJ liposomes, the level of endogenous 
HGF was not suppressed by transduction with the human HGF 
gene, but it was further increased (fig. l<i). Transfection of the 
human HGF gene in rat smooth muscle cells increases the pro- 
duction of endogenous rat HGF in vitro". Our observation sup- 
ports the idea that transduction of skeletal musde with the 
human HGF gene boosts endogenous rat HGF in vivo as well. 

The receptor for HGF is a tyrosine kinase receptor encoded by 
Q-met. The membrane-spanning B-chain of the c-Met/HGF re- 
ceptor contains an intracellular tyrosine kinase domain 1 *. c-Met 
protein was expressed in normal rat liver at a low level, as 
demonstrated by western blotting (Fig. le, top, lane l)..The level 
of c-Met protein in the liver was transiently increased (Fig. le, 
top, lanes 2 and 3) and then decreased by DMN administration 
in PBS control rats (Fig. le, top, lane 4). in contrast, c-Met pro- 
tein levels increased considerably in rats treated with HGF-HVJ 
liposomes, and stayed at this high level even after the repeated 
DMN administration (Fig. le, top, lane 5). The biological activi- 
ties of HGF are produced by the phosphorylation of tyrosine 
residue in c-Met. Tyrosine phosphorylation of c-Met was not 
seen in normal liver (Fig. le, bottom, lane 1) or In livers from 
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Fig. 1 c. Schedule of DMN administrations and HGF-HVJ liposome or PBS 
injections, w, weeks, b. Liver specimens from rats treated with DMN for 4 
weeks, stained with Azan-Mallory staining (upper) or silver Impregnation 
(lower). Original magnification, xlOO. c, Plasma levels of human HCF in- 
duced by HGF-HVJ liposome injection in DMN-treated rats. O, HGF serum 
level of rats that received, a single gene injection {n «= 7); HCF plasma 
level of rats that received a second HGF-HVJ liposome Injection (n = 5). 
Downward arrows Indicate time of HGF treatment. The second injection en- 
hanced the human HGF level. All values are presented as mean ± standard 
deviation, d, Plasma levels of endogenous HGF (rat HGF) in DMN-treated 
rats. O, HGF level of control rats without HGF-HVJ liposome treatment 



(«» 8); HGF level of rats that received repeated HGF-HVJ liposome injec- 
tions (n b 7). Downward arrows indicate time of HGF treatment. All values 
are presented as mean ± standard deviation, e. Western Immunoblot analy- 
sis of expression of c-Met (upper) and tyrosine phosphorylation of c-Met 
(py-20; lower) in liver homogenates. Normal rat liver (lane 1); livers from 
rats treated with DMN for 2 weeks (lane 2), A weeks (lane 5), and 6 weeks 
(lane 4); liver from rat treated with DMN for 6 weeks and HGF-HVJ lipo- 
somes for the last 3 weeks (lane 5). £ Survival of rats in a control group that 
were injected with PBS (■; n *= 1 3), or rats that received repeated injection 
of HGF-HVJ liposomes containing 20 mg (O;' n «= 1 3) or 40 mg of HGF DNA 
(•; n ~ 9). Life-table analyses are presented as a Kaplan-Meyer plot. 



PBS control rats given DMN (Fig. le, bottom, lanes 2-4). In con- 
trast strong tyrosine phosphorylation of c-Met was observed in 
the livers of rats given repeated injections of HGF-HVJ lipo- 
somes, despite DMN administration (Fig. le, bottom, lane 5). 
These results indicate that the introduction of the human HGF 
gene induced human HGF and endogenous rat HGF, and 
strongly activated the c-Met receptor in the cirrhotic liver. 

Overproduction of transforming growth factor-p (ref. 1; TGF- 
pl) is a chief cause of tissue fibrosis in various organs'* w . TGF- 
pl induces the phenotypic transition of hepatic stellate cells to 
proliferating myofibroblast-like cells, which enhances the pro- 
duction of extracellular matrix components 21, 22 and attenuates 
the degradation of the extracellular matrix proteins 21 ' a . TGF- 
pi transgenic mice that produce high plasma levels of TGF-pi 
develop liver fibrosis" TGF-pi is also a potent growth in- 
hibitor of epithelial and endothelial cells, including hepato- 
cytes 25 . Furthermore, TGF-pl induces apoptotic cell death in 
hepatocytes* " We therefore examined expression of TGF-pl 
in cirrhotic rat liver, lmmunohistochemical analysis demon- 
strated the presence of TGF-pi-positive cells widely distributed 
in the livers of DMN-treated rats (Fig. 2a, left). HGF-HVJ lipo- 
some injections substantially decreased the number of TGF-pl- 
positive cells (Fig. 2a, right). Consistent with this, the level of 
TGF-pi mRNA expression was reduced by the treatment with 



HGF-HVJ liposomes (Fig. 2e, lanes 5 and 6), in distinct contrast 
to the high expression of TGF-PI in PBS control rats (Fig. 2e, 
lanes 2-4). 

In the cirrhotic liver, hepatic stellate cells that are positive for 
desmin are increased in the fibrotlc regions, and many of them 
are transformed into myofiblolast-like cells that specifically ex- 
press a-smooth muscle actin* 4 (a-SMA). We examined the ex- 
pression of a-SMA In rat liver by immunohistochemistry and 
western blotting, and found that it correlated well with the ex- 
pression of TGF-pi. The number of cc-SMA-positive cells was 
considerably increased in the cirrhotic livers of PBS control rats 
(Fig, 2b, left), whereas it was notably inhibited in the livers of 
rats transfected with the HGF gene (Fig. 2b, right). Similar re- 
sults w.ere obtained by western analysis of a-SMA protein in the 
liver (Fig. 2f), Thus, transduction of rat skeletal muscles with 
human HGF gene suppressed the expression of TGF-pl, and in- 
hibited transition from hepatic stellate cells to myofibroblast- 
likc cells In the cirrhotic livers of rats. Consistent with these 
findings, fibrous connective tissue components In Glisson's 
sheath and pseudolobule formations found In the livers of 
DMN-trcatcd rats (Fig. 3a) were inhibited by repeated HGF-HVJ- 
liposo'me treatments (Fig. 3b). Formation of fibrotlc septa and 
thickened retlculin fibers joining central areas were observed 
<Flg. 3a). in rats injected repeatedly with HGR-HVJ liposomes, 
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Fig. 2 a-d, livers were obtained from rats 6 weeks after DMN adminis- 
tration began. Left panels, control rats injected with PBS for 3 weeks; right 
panels, rats infected with HGF-HVJ liposomes containing AO mg of HGF 
DNA (or 3 weeks, o and b. Immunohistochemical staining of liver sections 
using antr-TGF-01 antibody (a) or anti-o-SMA antibody (b). Original mag- 
nification, x2Q0. c, Apoptosis of hepatocytes. TUN EL was used to detect 
apoptotic cells in the livers. Original magnification, xlOO. d, PCNA stain- 
ing. Mitosis in hepatocyte was assessed by immunohistochemistry using 
anti-PCNA antibody. Original magnification, x200. e, Northern blot analy- 
sis of TCF-pl (upper) and glyceraldehyde-3-phosphate dehydrogenase 
(tower) mRNA. Total fiver RNAs were derived from a normal rat (lane 1); 
rats treated with DMN for 2 weeks (lane 2), A weeks (lane 3) or 6 weeks 
(lane A); or rats that received repeated injections of HGF-HVj liposomes 
containing 20 mg (lane 5) or 40 mg (lane 6) ol HCF DNA for 3 weeks, f. 
Western blot analysis of a-SMA. Uver protein was prepared from normal 
rat (lane 1 ); rats treated with DMN for 2 weeks (lane 2), A weeks (lane 3) or 
6 weeks without HGF-HVJ-liposome treatment (lane A) or with HGF-HVj-!i- 
posome treatment for 3 weeks (40 mg of HGF DNA) (lane 5). g. Labeling 
index of PCNA-positive hepatocytes. Open bar, normal rats; filled bar, rats 
treated with DMN for 6 weeks without HGF-HVj-liposome treatment; 
shaded bar, rats treated with DMN and injected with HGF-HVJ liposomes 
for 6 weeks. Values are presented as mean ± standard deviation. 



fibrosis in both the periportal and centrilobular liver dimin- 
ished and deformation of the Hver acinus decreased (Fig. 3b>). 
These histological improvements were found to be consistent in 
the treated rats, even at later time points (Fig. 3c). Quantitative 
analysis of fibrosis by image analysis techniques 16 showed a 
more than 70% reduction of fibrosis after HGF-HVJ-liposome 
treatment (Fig. 3d), 

DMN induces apoptosis of hepatocytes". We therefore deter- 
mined whether introduction of the HGF gene inhibited apop- 
tosis of hepatocytes. Apoptotic cells were assessed by TUNEL, 
which detects fragmented DNA in situ (Fig. 2c). Apoptotic cells 
were found in the cirrhotic livers of DMN-treated rats (Fig. 2c, 
left). HGF gene therapy prevented this DMN-induced hepato- 
cyte apoptosis (Fig. 2c, right). Because HGF is a potent hepato- 
cyte mitogen, we also assessed the presence of mitotic 
hepatocytes by immunohistochemical staining, using anti- 
body specific for proliferative cell nuclear antigen (PCNA) (Fig. 
2d). The number of PCNA-positive hepatocytes was higher in 
the livers of rats treated with HGF-HVJ liposomes (Fig. 2d, 
right) than in the livers of the PBS control rats (Fig. 2d, left). 
The labeling index showed that 47% of hepatocytes were in the 
mitotic cycle In HGF-transfected rats (Fig. 2#).. 

'We also determined the length of survival of rats treated 
with HGF-HVJ liposomes (Fig. It). All placebo-treated rats died 
of progressive liver cirrhosis within 45 days after DMN admin- 
istration began (survival 25-45 days; median survival, 34 days; 
« = 13; Fig. If). In contrast, transfected rats (20 rog/rat) sur- 
vived significantly longer than untreated control rats, and 6 of 
33 rats survived more than 50 days (survival, 28 to more than 
50 days; median survival, 43 days; n = 13) (P < 0.01, compared 
with untreated rats, by log rank analysis of the Kaplan-Meier 
curves). Transfection of rats with 40 mg of HGF DNA rescued 
all rats from fatal liver cirrhosis, and they were free of liver cir- 
rhosis w.hen they were removed from the study 50 days after 
DMN administration began (n -9; P < 0.001, compared with 
untreated rats). 

Here we have demonstrated that repeated transduction of 
skeletal muscles with the HGF gene produced complete resolu- 
tion of fibrosis in the cirrhotic liver, inhibited hepatocyte 
apoptosis and stimulated hepatocyte mitosis, resulting in the 
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survival of rats with an otherwise lethal illness. Although the 
molecular mechanisms of hepatic fibrosis have not been fully 
described, overexpression of TGF-pl may play a pivotal part in 
the progression of fibosis ,,_M . Introduction of the HGF gene 
suppressed the expression of TGF-p induced by DMN. Thus, 
HGF gene therapy may have improved the Uver cirrhosis by in- 
hibiting TGF-p expression. Although tumozigenicity has been 
reported in transgenic mice overexpressing HGF, its expression 
was 5,000% higher in these mice than in normal mice 27 . We did 
not observe any tumor formation in mice treated with HGF 
gene therapy. In addition, transgenic mice that express HGF at 
levels similar to those in this experiment (200-300% higher 
than that of normal controls) inhibit the development of neo- 
plastic tumors". Repeated in vivo transfection using HVJ lipo- 
somes is simple and safe, and can be done without substantial 
inflammation or activation of the cellular and humoral im- 
mune system 16 . Therefore, transduction of skeletal muscles 
with the HGF gene as presented here may eventually be trans- 
lated into a useful clinical regimen of gene therapy for the 
treatment of patients with progressive liver cirrhosis. 

Methods 

Animals. Sprague-DawJey rats 4-5 weeks old and 120-130 g in body 
weight were used. To produce liver cirrhosis, 1% DMN dissolved in saline 
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Fig. 3 a-c. Liver sections of rats after DMN administration. Left panels, 
Azan-Mallory staining; right panels, silver impregnation staining, 
a, Uver sections of control rats at $ weeks after DMN administration 
began, b and c, Liver sections of rats injected with HGF-HVJ liposomes 
containing 40 mg of HGF DNA, at 6 weeks (b) or 8 weeks (c) after DMN 
administration began, d, Assessment of fibrosis using image analysis tech- 
niques, calculating the ratio of connective tissue to the whole area of the 
liver from rats treated with PBS or with repeated injection of HCF-HVJ li- 
posomes '. Values are presented as mean ± standard deviation, normal, 
normal rat; control 4 w, rats treated with DMN for 4 weeks without HCF- 
HV|-liposome treatment; HGF-HVj -liposome 6 w, rats treated with DMN 
and injected with HGF»HV|-liposome for 6 weeks; HCF-HVJ-liposome 8 w, 
rats treated with DMN and injected with HGF-HVJ-liposome for 8 weeks. 



was given intraperitoneal!/ at 1 ml per kg body weight for 3 consecutive 
days per week for 4-6 weeks as described". 

The expression vector and the preparation of HVJ-liposome com- 
plexes. Human HGF cDNA (2.2 kb) was inserted into the fcoRl and Not\ 
sites of the pUC-SRa expression vector plasmid. In this plasmid, transcrip- 
tion of the HGF cDNA is under the control of the SRa promoter**. HVJ-li- 
posome* containing plasmid DNA and high-mobllity group 1 were 
constituted as described". 

Gene transfer into rat skeletal muscles and in vivo experimental design. 
Rats were anesthetized with diethyi-ether, and their gluteal muscles were 
exposed. The HVJ liposome solution (20 mg or 40 mg of encapsulated DNA 
of human HGF cDNA) or PBS was Injected into the muscles once a week 
after the development of liver cirrhosis. 

Northern blot analysis, RNA extraction and northern blot analysis were 
done as described 1 *. Total RNA (20 mg) was separated by electrophoresis 
on a 1 .5% aga rose-formaldehyde denaturing gel and transferred to a nylon 
membrane. The membrane was hybridized with DNA probes labelled with 
M P-dCTP by random oligonucleotide priming (Boehringer).The ratTGF-BI 
cDNA probe was a gift from E. Imai (Osaka University Medical School ). The 
membranes were washed and exposed to X-ray films. For the control study, 
membranes were washed and rehybridized with gryceraldehyde-3- 
phosphate dehydrogenase probe. 

Western and Immuno precipitation analysis. Protein was extracted from 
homogenized tissues, and western blotting was done using samples nor- 
malized for protein concentration. The membranes were probed with anti- 
rat c-Met antibody (Santa Cruz Biotechnology, Santa Cruz, California) or 
anti-ct-smooth muscle actin antibody (DAKO Japan, Kyoto, Japan). For Im- 
munopredpitatlon, lysates were incubated with the anti-rat c-Met antibody 
at A *C overnight and incubated with protein A-agarose beads (Pierce, 
Rockford, Illinois) to precipitate the antigen-antibody complexes. Samples 
(containing 20 mg of total protein each) were separated by SDS-PAGE on 
10% acrylamide slab gels. After electrophoresis, the gel was transferred to 
poryvinylldine difluoride sheets, which were subsequently probed with anti- 
phosphotyrosine antibody (PY-20; ICN) or anti-rat c-Met antibody. 

Histological and Immunohistocnemical examination. Paraffin-embed- 
ded sections were stained with hematoxylin-eosin, Azan-Mallory and silver 
Impregnation. Fibrosis was assessed using image analysis techniques", on 
Azan-Mallory-stained histologic slides 4 mm in thickness, using a planl- 
metric method on an Automatic Image Analysis System (Carl Zeiss, 
Oberkocbem, Germany). For immunohistochemlcal staining, the sections 
were treated with anti-a-SMA antibody, antJ-PCNA antibody (PC-10; 
Novocastra, Newcastle, England) or anti-TGF-BI antibody (R&D Systems, 
Minneapolis, Minnesota). The PCNA labeling Index was determined by 
counting more than 2,000 nuclei of hepatocytes in three different sections 
for each rat. To detect apoptosis in the liver sections, a modified TUNEL 
method" was applied using the ApopTag In situ Apoptosis Detection 
System (Oncor, Gaitherburg, Maryland). 

EUSA for HGF. Human HGF In serum was measured by EUSA using anti- 
human-HGF monoclonal antibody, and rat HGF in serum was measured by 




Fibrosis (%) 

EUSA using anti-rat-HGF monoclonal antibody (Institute of Immunology, 
Tokyo. Japan). The human HGF EUSA system specifically detects human 
HGF but not rat HGF, and vice versa. 
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Gene Therapy by Adenovirus vector 
having HGFcDNA on Medicament-induced Lung Injury 



For the purpose of continuous expression of HGF 
in mouse models with injured lung at high concentration 
and for a long during, we have here tried the gene 
transfection using Adenovirus vector having rat HGFcDNA 
integrated thereto. 

According to the results of our investigations 
here, several days after Adenovirus vector, Adex 1 
CAHHGF, was intraperitoneal ly administered to mouse, the 
HGF level in liver of the mouse was increased, and then 
the increase of the HGF level in the lung was observed. 
The HGF level was determined according to ELISA using a 
anti-ratHGF antibody. Because the antibody cross - 
linkingly reacts with an endogenous rat HGF, the 
possibility was not denied that the increase of the HGF 
level in the lung might be due to the increase of the 
endogenous rat HGF against the lung injury induced by 
Bleomycin (BLM) . However, on 28th day after the 
administration of Adenovirus vector, the Adenovirus 
vector-administered group indicated significantly 
higher HGF level in the lung than the only BLM- 
administered group, which shows that the increase of the 
HGF level in the lung was due to the expression of the 
gene transfected according to Adenovirus vector. Thus, 
the investigation of the gene expression in vivo will be 
the next problem. 

The results of our investigations here have 
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revealed that HGP expressed by the rat HGF gene 
transfected according to . Adenovirus vector inhibited 
lung injury induced by BLM in the same level as or m, 
than the recombinant HGF administered. Thus, these 
results show the possibility of a new therapy for 
pulmonary fibrosis according to a gene transf ection . 
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Gene Transf ection of Hepatocyte Growth Factor 
Attenuates Reperfusiori Injury in the Heart 
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Background. Hepatocyte growth factor (HGF), a Hgand 
for the c-Met receptor tyrosine kinase, plays a role as 
organotrophic factor for regeneration of various organs, 
HGF has an angiogenic activityand exhibits a potent 
antiapoptotic activity in several types of cells. Although 
HGF and the c-MetfHGF receptor are expressed in the 
heart/ the role of HGF' in the heart has remained 
unknown. ' ^ 

Methods. After we analyzed changes in expression of 
. endogenous HGF and c-Met mRNA levels in the rat left 
ventricle after myocardial infarction, the human HGF 
gene in hemagglutinating virus of Japan (HVJ)-liposome 
was transf ected into the normal whole rat heart Three 
days after transfection, the heart was subjected to global 
warm ischemia and subsequent reperfusion, followed by 
assessment of its cardiac .functions. 

. Results. Both HGF and c-Met/HGF receptor mRNAs 
were expressed in adult rat heart, and c-Met/HGF recep- 



Recent advances in myocardial protection have im- 
proved the clinical results of open heart surgery. 
However, severely critical cases associated with compro- 
mised heart, such as failing heart or postischemic condi- 
tions, still occur, and thus, further attempts to improve 
myocardial protection should be addressed. Recent stud- 
ies have revealed the importance of an endogenous 
myocardial protective system against ischemia- 
reperfusion injury (1, 2). For an advanced strategy for 
myocardial protection, therefore, implementation of such 
a system appears to be essential. 

Hepatocyte growth factor {HGF), originally identified 
and cloned as a potent mitogen for hepatocytes {3], 
exhibits mito genie, motogenic, and morphogenic activi- 
ties for a wide variety of cells [4, 5}. In addition, HGF is an 
angiogenic factor and exerts a potent anti-cell death 
effect on several types of cells [6], These biological activ- 
ities of HGF were found to be initiated by autophos- 
pholylation of proto-oncogene c-Met, the receptor ty- 
rosine kinase for HGF [7J. Although c-Met is induced in 
the embryonic heart [8] and constitutionally expressed in 
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tor mRNA was upregulated in response to myocardial 
infarction. HGF-transf ected heart showed significant in- 
crease of human HGF protein level in the heart. Cardiac 
functions in terms of the left ventricular developed 
pressure, maximum dp/dt, and pressure rate product in 
hearts with HGF gene transfection were significantly, 
superior to those in control hearts. In addition, leakage of 
creatine phosphokinase in the coronary artery effluent in 
hearts with HGF gene transfection was significantly 
lower than that in control hearts. * . 

Conclusions. These data indicated that both HGF and 
c-Met/HGF receptor mRNAs were upregulated in re- 
sponse to myocardial ischemic injury, and that HGF is 
likely to. have a cytoprotective effect on cardiac tissue, 
presumably through the c-Met/HGF receptor. 

(Ann Thorac Surg 1999;67:1726-31) 
© 1999 by The Society of Thoracic Surgeons 



the adult heart, especially in coronary endothelial cells 
[9], the role of HGF as an endogenous protective factor in 
the heart has not yet been determined. 
. In this study, at first we analyzed the expression of 
endogenous HGF and c-Met in the heart after myocardial 
infarction, and next determined whether HGF attenuates 
ischemia-reperfusion injury in the heart by using in vivo 
gene transfection of human HGF into the whole heart 
with the hemagglutinating virus of Japan (HVJ)-liposome 
method [10). 

Material and Methods 
Acute Myocardial Infarction Model 
Twelve Wistar male rats were used for this study. Hu- 
mane animal care complied with the "Principles of Lab- 
oratory Animal Care" formulated by the National Society 
for Medical Research and the "Guide for the Care and 
Use of Laboratory Animals" prepared by the Institute of 
Laboratory Animal Resource and published by the Na- 
tional Institutes of Health (NIH Publication No. 86-23, 
revised 1985). Acute myocardial infarction was induced 
as described elsewhere [11]. Briefly, the rats (8 weeks 
afterbirth) were anesthetized with sodium pentobarbital, 
and positive-pressure respiration was applied through 
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an endotracheal tube. The thorax was opened at the 
. fourth left intercostal space, and the left coronary artery 
was completely ligated 3 mm distal to its origin.by means 
of a 7-0 polypropylene ligature. • 

Expression of HGF and c-Met Receptor mRNA 
. Expression of HGF and c-Met mRNAs was analyzed by 
reverse transcription-polymerase chain reaction (RT- 
PCR). The following primers were used: 1) for both rat 
and human HGF (Gene bank accession number D90302): 
forward primer, 5'-TTG GCC ATG AAT TTG ACC TC-3' 
and reverse primer, 5' -ACA TCA GTC TCA TTC ACA 
GC-3'; 2) for human HGF (Gene bank accession number 
X16323): forward primer, 5'-GCC TCT GGT TCC CCT 
TCA ATA G-3' and reverse primer, 5'-CCA TGA GAC 
CTC GAT AAC TCT CC-3'; 3) for c-Met: forward primer 
(Gene bank accession number J02958), 5 -TGT GCA TTC 
ACT AAA TAT GT-3' and reverse primer, 5'-GTC CCA ' 
GCC ACA TAT GGT CA-3'. PCR conditions were as 
follows: denaturation at 94"C for 30 seconds, followed by 
annealing at 55°C for 60 seconds and extension at 72*^ 
for 60 seconds. PCR products were subjected to electro- 
phoresis in 1% agarose gel and visualized by ethidium 
bromide staining. 

Transfection of Human HGF Gene Into the Heart • 
cDNA of human HGF was inserted into the Not I site of 
the pUC-SRa expression. vector [12], The preparation of 
the liposome complex with hemagglutinating virus of 
Japan (HVJ) is described elsewhere (13). 
. The donor rats were anesthetized and the hearts ar- 
rested by infusion of cardioplegic solution into the ab- 
dominal aorta for coronary perfusion. After the hearts 
were removed, approximately 0.7 mLof HVJ-liposome- 
plasmid complex (including 50 /*g of cDNA of human 
HGF) was infused into the aorta of the resected hearts for 
.coronary perfusion. The expression vector containing 
HGF cDNA or the empty vector was txansfected into the 
hearts, and 6 animals were used in each experimental 
group. The hearts were then incubated on ice for 
10 minutes and transplanted into the abdomen of recip- 
ient rats of the same strain. The transplantation was 
performed by anastomosing the descending aorta to the 
abdominal aorta and the pulmonary artery to the inferior 
vena cava in an end-to-side fashion [14}. Total ischemia 
time was 45 ± 5 minutes. The transplanted hearts were 
resuscitated to spontaneous and continuous beating after 
restoring of blood flow. 

Enzyme-Linked Immunosorbent Assay for Human 
HGF 

Human HGF in cardiac tissue was measured by means of 
enzyme-linked immunosorbent assay (ELISA) using, an- 
ti-human HGF monoclonal antibody (Institute of Immu- 
nology, Tokyo, Japan). The human HGF ELISA system 
also specifically detects human HGF but not rat HGF [15]. 

Histopathology 

After global ischemia followed by reperfusion with the 
Langendorff perfusion system, the tissue specimens were 



obtained as transverse sections from the perfused heart 
5 mm basal from the apex/The tissue specimens were 
frozen in an OCT compound. Frozen sections were 
stained with hematoxylin and eosin. 

Measurement of Cardiac Function of the Transplanted 
Rat Heart.-. 

The transplanted heart was excised and mounted on the 
aortic cannula on the perfusion apparatus 3 days after 
gene transfection. The coronary arteries were perfused 
according to the Langendorff technique at perfusion 
pressures of 110 cm H 2 0 as described elsewhere [16], The 
heart was housed in a controlled heart chamber main- 
tained at 37*C. During a 10-minute washout period after 
cannulation, an intraventricular balloon was inserted into 
the left ventricle through the mitral valve. The balloon 
was filled with fluid and attached to a pressure trans- 
ducer, while the volume of the balloon was adjusted by 
means of a watertight rrdcro syringe. Thirty minutes after 
the aortic cannulation, heart rate (HR), left ventricular 
developed pressure (LVDP), max dp/dt, and coronary 
flow (CF)were measured at constant left .ventricular 
end-diastolic pressure. The left ventricular end-diastolic 
pressure was initially set at 10 cm H 2 0. The hearts were 
then subjected to global ischemia at 37 D C for 30 minutes 
followed by 30 minutes of reperfusion. The balloon was 
deflated during ischemia and- the indices of cardiac 
function were measured 30 minutes after reperfusion. 
The coronary effluent was collected in chilled vials to 
measure creatine phosphokinase (CPK) during a 
5-minute period after reperfusion. 

Statistical Analysis 

All values are expressed as the mean ± standard devia- 
tion. Statistical differences in the data for functional 
recoveries and enzyme activity were evaluated by un- 
paired Student's t test for comparisons between two 
means. A p value of less than 0.05 was considered 
statistically significant 

Results • 

Changes in HGF and c-Met Receptor mRNA 
Expression After Myocardial Infarction 
Thirty-six percent of the infarcted rats died within 
6 hours after the operation. No technical failure occurred 
during this study. We first analyzed changes in the 
expression of HGF and c-Met/HGF receptor* mRNAs in 
the left ventricle of the infarcted heart by using RT-PCR 
after left coronary artery ligation. Three rats were used at 
each time point: 24 hours, 3 days, \ and 7 days after 
ligation. RT-PCR was performed' 'using : specific sets of 
primers that detect rat HGF and c-Met receptor mRNAs. 
The RT-PCR product derived from rat. HGF mRNA was 
seen in the normal rat left ventricle, indicating that HGF 
mRNA is expressed in it (Fig 1). The expression of HGF 
mRNA detected by RT-PCR analysis did not change 
remarkably, and the inconsequential change in the ex- 
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Fig 2. Changes in HGF and c-Met/HGF receptor mRNA levels in 
rat hearts after myocardial infarction. Total RNA was prepared from 
the left ventricle at 1, 3, and 7 days after left coronary artery liga- 
tion, and three rats from each group. were used. RT-PCR products 
were subjected to electrophoresis and visualized by ethidium bromide 
staining. Expression ofglyceraldehyde-3-phosphate-dehydrogenase 
(GAPDH) mRNA was used as an internal control 



pression of HGF mRNA was seen 3 and 7 days after 
ligation. 

On the other hand, c-Met receptor mRNA expression 
in the left ventricle increased and reached its highest 
level 24 hours after ligation. The c-Met/HGF receptor 
mRNA level was seen to decrease thereafter, but 3 and 7 
days after ligation, it was still higher than that seen in the 
normal rat left ventricle (Fig 1). Although the c-Met 
receptor mRNA level 3 days after ligation in one animal 
'. was lower than that seen 24 hours after ligation, we could 
not come to a definitive conclusion that the decrease was 
physiologically significant Nonetheless, these expression 
patterns suggest that both HGF and c-Met/H<$F receptor 
mRNAs are expressed in adult rat heart, and c-Met 
mRNA is upregulated in response to myocardial isch- 
emic injury caused by myocardial infarction. 

In Vivo HGF Gene Transfection Into the Heart 
To analyze the expression of the transgene of human 
HGF, total RNA was prepared from the transplanted 
whole hearts 3 days after HGF gene transf ecfcon, and 
human HGF mRNA expression was then analyzed by 
means of RT-PCR using a primer set' that specifically 
. detects human HGF mRNA but not rat HGF mRNA. The 
RT-PCR product derived from human HGF mRNA was • 
specifically detected in the rat heart transfected with the 
expression vector for human HGF, indicating that trans- 
fected human HGF cDNA was specifically expressed in 
the heart. On the other hand, RT-PCR analysis using a 
primer set that detects both rat and human HGF mRNAs 
indicated that the total HGF mRNA level in the heart 
treated with the HGF gene transfection was higher than 
that seen in the heart treated with the empty vector (Fig 
2). Moreover, human HGF protein content in the trans- 
fected hearts was measured by means of EUSA using 
anti-human HGF monoclonal antibody. The content of 




_^ human HGF 
(386 bp) 



human and 
4 rat HGF 

(559bp) 

« GAPDH 
(1074 bp) 

Fig 2 Expression of human ami rat HGF mRNAs in rat hearts 
transfected with human HGF gene. Expression of HGF mRNA was 
analyzed by means of RT-PCR, using total RNA prepared from 
whole heart 3 days. after in vivo gene transfection of human HGF 
(left lane) or empty vector (middle lane). A naked expression vec- 
tor containing human HGF cDNA was used as a positive control for 
PGR (right lane). . 



human HGF in the cardiac tissues obtained from the 
heart treated with the HGF gene transfection was 0.56 2: 
0.11 ng/g tissue. In contrast, human HGF was undetect- 
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Fig 3. Expression of human HGF protein measured by means of 
EUSA in rat hearts transfected with human HGF. **p < 0-002, 
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Table 1. Parameters of Cardiac Function Before Global 
Ischemia in Langendorjf Perfusion 







HR 


LVDP 


max dp/dt 


CF 


Group 


n 


(beals/nun) 


(mm Hg) 


(mm Hg/sec) 


(mUmin) 


HGF 


6 


230 2:45 


80 2:6.8 • 


- 1023 ± 86 


12.8 i 2.4 


Control 


6 


226 ± 56 


76 ± 8.4 


996 2= 92 


13.4 Z 3.5 



Data are expressed as the mean SS the standard deviation. There was no 
significant difference in any parameters between both groups before 
global ischemia. 

CF «• coronary flow; HGF Hepatocyte growth factor gene- 
transfected group; HR = heart rate; LVDP « left ventricular 
developed pressure; n » number of samples. 



able in the cardiac tissues obtained from the hearts 
treated with transfection of an empty vector (Fig 3). 

Recovery of Cardiac Function After Global Ischemia 
On the basis of these results, global, warm ischemia 
followed by reperfusion was performed on the isolated > 
hearts 3 days after the gene transfection. Cardiac func- 
tion was analyzed before and after global warm ischemia 
and reperfusion. In this experiment, no significant differ- 
ences in HR, LVDP, maximum dp/dt, or CF were seen : 
before global ischemia in either experimental group 
(Table 1). 

Evaluation of recovery of cardiac function of the 
hearts transfected with the empty vector showed that 
LVDP had decreased to 63 ± 3%, maximum dp/dt to 
63 ± 6%, and pressure rate product (PRP) to 61 :£ 5% of 
the values observed before global. warm ischemia (Fig 
4), thus indicating the onset of cardiac dysfunction. In 
contrast, the corresponding values of the hearts trans- 
fected with the human HGF gene decreased to only 
86 ^ 3%, 83 ± 5%, and 85 ± 4% of that before global 
warm ischemia. HR and CF of the hearts transfected 
with the empty vector, respectively, decreased to 78% 
and 81% of the values obtained before global ischemia. 
The corresponding values of the hearts transfected 
with the human HGF gene were 86% and 94%, respec- 
tively. These values showed no significant differences ■ 
between the hearts with transfection of the human 
HGF gene and of the empty vector. 

CPK activity was not detected in the coronary effluent 
before global ischemia in either experimental group 
(data not shown), while after ischemia and reperfusion 
injury, CPK activity in the coronary effluent obtained 
from the empty vector transfected heart increased to 72 ± 
24 X 10" 3 IU/5 man. In contrast, CPK activity was unde- 
tectable in the coronary effluent obtained from the HGF 
gene-transfected hearts (Fig 5). 

Histological findings, of the HGF gene-transfected 
heart showed slight eosinophilic staining in cardiac myo- 
cytes and mild interstitial edema. On the other hand, the 
findings of the empty vector transfected heart showed 
strong eosinophilic staining in cardiac myocytes, hyper- 
contracted cardiac myocytes, and severe interstitial 
edema (Fig 6). 



Comment 

Myocardial ischemia and subsequent reperfusion induce 
myocardial cellular injury, including apoptosis and/or 
necrosis in cardiac myocytes and coronary endothelial 
cells [17J. Cell death in cardiac myocytes is in turn 
accompanied by myocardial dysfunction. Prevention of 
cellular injury and death attenuates the magnitude of 
myocardial dysfunction. Therefore, application of growth 
factors that target cardiac myocytes and/or endothelial 
cells may be potentially beneficial for the prevention of. 
myocardial dysfunction. 

Previous studies have shown that the expression of 
both HGF and c-Met are upregulated in the adult rat 
heart after ischemia-reperfused heart, at least in the 
coronary endothelial cells. The results presented in this 
first study were mostly compatible with data of these 
previous reports [9]. Therefore, strong density of RT/-PCR 
products band derived from c-Met mRNA 24 hours after 
left coronary ligation using ethidium bromide staining 
• indicates at least the induction of it In a more recent 
study of ours, we found that both highly purified cardiac 
endothelial cells and mature cardiac myocytes express 
the c-Met/HGF receptor and HGF mRNA. These results 




Fig 4. Enhancement of recovery of cardiac function from ischenxia- 
reperfusion injury as a result of cardiac transfection of the HGF 
gene. The heart was removed 3 days after treahnent for gene trans- 
fection and subjected to global warm ischemia for SO min and subse- 
quent reperfusion. *p < 0.05. 
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Fig 5. Suppression of leakage o/CPK from the cardiac myocytes in 
the rat heart transfected with the HGF gene, CPK activity was mea- 
sured in the coronary effluent obtained for 5 min after reperfusion. 
*>< 0.002. ' ■ 1 



imply that HGF play's certain physiological roles in both 
cardiac myocytes and endothelial cells. 

Although we showed in this second study that HGF 
transducted from cardiac tissue- directed gene transfec- 
tion might enhance recovery from ischemia-rep erfusion 
injury, the mechanisms remain to be addressed. Previous 
studies have demonstrated that HGF attenuates endo- 
thelial cell death {18J. The additional finding that cardiac 
endothelial cells express the c-Met/HGF receptor sug- 
gested that HGF might exert cardiotropic action at least 
through targeting cardiac endothelial cells. On the other 
hand, it is also highly probable that HGF expresses its 
cardiotrophic function through its direct -action on ma- 
ture cardiac myocytes. We recently obtained evidence 
that HGF suppressed cell death 6f highly purified mature 
cardiac myocytes isolated from the rat hearts in vitro 
after cellular injury caused by hypoxia or hydrogen 
peroxide-induced oxidant stress (manuscript in prepara- 
tion). Moreover, the recovery of left ventricular- 
developed pressure (LVDP) in rats given HGF gene 
transfection was higher than that in control rats in spite 
of no significant changes in coronary flow (CF), while the 
leakage of CPK from the heart of rats with HGF gene 
transfection was much lower than that seen in control 
rats. These results strongly suggest that HGF exerts a 
cardiotrophic effect through targeting both cardiac myo- 
cytes and coronary endothelial cells. 

We previously showed that the intracoronary infusion 
of a gene using the HVJ-liposoine method resulted in the 
efficient transduction of a gene into the entire rat heart. It 
was found that the gene for jS-galactosidase was overex- 



. pressed in more than 50% of myocytes in the whole rat 
heart 110], The detection of human HGF mRKA. by means 
of RT-PCR and human HGF protein by means of ELISA 
using the anti-human HGF monoclonal antibody to hu- 
man HGF but not to rat HGF also confirmed the success- 
ful transfection of the HGF gene. It can therefore be 
assumed that HGF is effectively expressed in cardiac 
tissue by means of this HVJ-liposome method and that it 
attenuates myocardial dysfunction through the c-Met/ 
HGF receptor. 

According to previous reports, pretreatment with re- 
combinant HGF through intraperitoneal or intravenous 
injection from 6 to 24 hours before acute insult achieved 
its optimal function in other organs such as liver, kidney, 
and lung [6, 19]. This finding indicates that pretreatment 
just before global ischemia by means of exogenous injec- 
tion of recombinant HGF might have little effect on 
ischemia-reperfusion injury in the myocardium. In the 
study presented here, the physiological experiment on 
- isolated transfected hearts was performed 3 days after 
gene transfection, although transgene product should be 




Fig 6. Representative histological findings of the in vivo gene-trans- 
fected heart after global warm ischemia followed by reperfusion with 
the Langendorff perfusion system using crystalloid solution. The 
damage to the myocardial tissue in the HGF gene-transfected heart 
(A), was less than to it in the empty vector-transfccted heart (B) after 
global warm ischemia followed by reperfusion (X2Q0). 
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translated within 12 to 48 hours. Therefore, the trans- 
fected hearts received chronic exposure to HGF for at 
least 24 hours. The pronounced effect on cytoprotection 
of the transfected heart against ischernia-reperfusion 
injury may reflect the cumulative effect of continuous 
biosynthesis and chronic exposure to HGF. 

It should be emphasized that HGF has been shown to 
have a potent anti-cell death effect both in vitro and in 
vivo for various types of cells, including hepatocytes [6], 
renal tubular cells [20], vascular endothelial cells [18], 
and neurons [211. Therefore, HGF probably exerted its 
cardiotropic action through its anti-cell death function 
in the experimented model used in the present study. 

In conclusion, we obtained evidence that the c-Met/ 
HGF receptor gene was expressed in both the normal 
and the infarcted heart, and that HGF introduced by 
means of cardiac transfection of the HGF gene attenu- 
ated myocardial dysfunction caused by ischemia- 
reperfusion injury. This study is the first to demonstrate 
the cardiotrophic activity of HGF in vivo, and our ongo- 
ing study is directed at clarification of the molecular and 
cellular mechanisms for the action of HGF functioning as 
a cardiotrophic growth factor. 

We are grateful to Dr Ryuichi Morishita, Osaka University 
Medical School Department of Geriatric Medicine, Suit* Japan, 
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In this study, we examined the feasibility of gene therapy using HGF to treat peripheral .. 
arterial disease. Intramuscular injection of human HGF plasmid resulted in a significant increase in 
capillary density and blood flow, accompanied by the detection of human HGF. Importantly, its 
degree by HGF plasmid was significantly greater than recombinant HGF. Even in rabbit hindlimb 
ischemia model, intramuscular injection of HGF plasmid produced significant augmentation of 
collateral vessel development, blood flow and blood pressure ratio of ischemic to normal limb. 
Overall, intramuscular injection of naked HGF plasmid induced therapeutic angiogenesis in rat and 
rabbit ischemic hind limb model. 



Abstract 

Hepatocyte growth factor (HGF) exclusively stimulates the growth of endothelial cells 
without replication of vascular smooth muscle cells, and acts as a survival factor against endothelial 
cell death. Recently, a novel therapeutic strategy for ischemic diseases using angiogenic growth 
factors to expedite and/or augment collateral artery development has been proposed. We have 
previously reported that intra-arterial administration of recombinant HGF induced angiogenesis in 
rabbit hindlimb ischemia model. In this study, we examined the feasibility of gene therapy using 
HGF to treat peripheral arterial disease rather than recombinant therapy due to its disadvantages. 
Initially, we examined the transfection of "naked" human HGF plasmid into rat hindlimb ischemia 
model. Intramuscular injection of human HGF plasmid resulted in a significant increase in blood 
flow as assessed by laser doppler imager, accompanied by the detection of human HGF protein. A 
significant increase in the number of capillary density was also increased in rats tranSfected with 
human HGF as compared to control vector in a dose-dependent manner (P<0.01). Importantly, at 5 
weeks after transfection, the degree of angiogenic property by transfection of HGF plasmid was 
significantly greater than that caused by a single injection of recombinant HGF. Toward to human 
gene therapy, we also employed rabbit hindlimb ischemia model as preclinical study. Naked HGF 
plasmid was intramuscularly injected in the ischemic hindlimb of rabbits, to evaluate its angiogenic 
activity, fottamuscular injection of HGF plasmid once on day 10 after surgery produced significant 
augmentation of collateral vessel development on day 30 in the ischemic model, as assessed by 
angiography (P<0.01). Serial angiograms revealed progressive linear extension of collateral arteries 
from the origin stem artery to the distal point of the reconstituted parent vessel in HGF-transfected 
animals. In addition, a significant increase in blood flow as assessed by doppler flow wire and in 
the blood pressure ratio of ischemic limb to normal limb was observed in the rats tiansfected with 
HGF plasmid as compared to rabbits transfected with control vector (P<0.01). 

Overall, intramuscular injection of naked human HGF plasmid induced therapeutic 
angiogenesis in tne rat and rabbit ischemic hind limb model, as potential therapy for peripheral 
arterial disease. 



Introduction 

Critical limb ischemia is estimated to develop in 500 to 1000 individuals per million per year 
(1). In a large proportion of these patients, the anatomical extent and the distribution of arterial 
occlusive disease make the patients unsuitable for operative or percutaneous revascularization. 
Thus, the disease frequently follows an inexorable downhill course (2,3). Of importance, there is no 
optimal medical therapy for critical limb ischemia, as the Consensus Document of the European 
Working Group on Critical Limb Ischemia concluded (1). Therefore, novel therapeutics are 
required to treat these patients. In the pathophysiology of the disease, in the presence of obstruction 
of a major artery, blood flow to the ischemic tissue is often dependent on collateral vessels. When 
spontaneous development of collateral vessels is insufficient to allow normal perfusion of the tissue 
at risk, residual ischemia occurs. Recendy, the efficacy of therapeutic angiogenesis using VEGF 
(vascular endothelial growth factor) gene transfer has been reported in human patients with critical 
limb ischemia and myocardial ischemia (4-6). Thus, the strategy for therapeutic angiogenesis using 
angiogenic growtt. factors should be considered for the treatment of patients with critical limb 
ischemia or myocardial infarction. Most of the studies have used VEGF, also known as vascular 
permeability factor, as well as a secreted endothelial-cell mitogen. The endothelial cell specificity 
of VEGF has been considered to be an important advantage for therapeutic angiogenesis, as 
endothelial cells represent the critical cellular element responsible for new vessel formation (7,8). 

From this viewpoint, hepatocyte growth factor (HGF) is also of particular interests, as HGF 
exclusively stimulated the growth of endothelial cells withont replication of vascular smooth 
muscle cells (VSMQ (9-11). Indeed, others and we previously reported that HGF is a potent 
angiogenic growth factor and useful for the aim of therapeutic angiogenesis in rabbit ischemia 
model (12,13). Unexpectedly, the mitogenic activity of HGF is more potent than that of VEGF in 
human aortic endothelial cells uudtm as well as rabbit hindlimb ischemia model injdsa (10,13). 
Moreover, its specific receptor, c-met, have been shown to be up regulated in the ischemic tissue 
(14). Therefore, we reasoned that HGF should be a potential therapeutic angiogenic growth factor, 
in addition to VEGF. In this study, we examined the feasibility of gene therapy using HGF to treat 



peripheral arterial disease rather than recombinant therapy as the following reasons: 1) It is the 
potential requirement to maintain an optimally high and local concentration over time. Tnis issue 
may be most critical in the case of arterial gene therapy. In the case of therapeutic angiogenesis, it 
may be preferable to deliver a lower dose over a period of several days or more from an actively 
expressing transgene in the iliac artery, rather than a single or multiple bolus doses of recombinant 
protein to avoid the side-effects; 2) There is the matter of economics; namely, which therapy would 
ultimately cost more to develop, implement, and reimburse, particularly for those indications 
requiring multiple or even protracted treatment ? 3) The feasibility of a clinical trial of recombinant 
protein is currently limited by the lack of approved or available quantities of human quality grade 
of recombinant protein, due in large part to the nearly prohibitive cost of scaling up from research 
grade to human quality recombinant protein. Here, we demonstrated preclinical studies that 
injection of "naked" HGF plasmid induced therapeutic angiogenesis to treat peripheral arterial 
disease in rat and rabbit hindlimb ischemia model toward to human clinical trial. 



Methods 

Experiment Is rat hindlimb ischemic model 

Construction of plasmids 

To produce a HGF expression vector, human HGF cDNA (2.2 kb) was inserted into a simple 
eucaryotic expression plasmid that utilizes the cytomegalovirus (CMV) promoter/enhancer. This 
promoter/enhancer has been used to express reporter genes in a variety of cell types and can be 
considered to be constitutive. Downstream from the HGF from the HGF cDNA is the SV40 
polyadenylation sequence. The control vector used as a control was CMV expression vector 
plasmid, which did not contain HGF cDNA. We obtained lucif erase gene expression vector driven 
by SV 40 promoter from a commercially available source (Promega Corporation, Madison, WI). 



Tnvivo gene transfer using direct intramuscular injection approach 



Sprague-Dawley rats (400-500 g; Charles River Breeding Laboratories) were anesthetized 
with an intraperitoneal injection of sodium pentobarbital (0.1 ml/100 mg). A longitudinal incision 
was then made, extending inferiorly from the inguinal ligament to a point just proximal to the 
patella. Through this incision, using surgical loupes, the operator dissected free the right femoral 
artery along its entire length; all branches of the femoral artery, including the inferior epigastric, 
deep femoral, lateral circumflex, and superficial epigastric arteries, were also dissected free (15). 
After dissection of the popliteal and saphenous arteries distally, the external iliac artery and all of 
the mentioned arteries were ligated with 4-0 silk (Ethicon). Finally, the right femoral artery was 
completely excised to create the ischemic limb model, from its proximal origin as a branch of the 
external iliac artery to the point distally where it bifurcates to form the saphenous and popliteal 
arteries. Excision of the femoral artery results in retrograde propagation of thrombus and occlusion 
of the external iliac artery. Excision of the femoral artery 1 cm below the peritoneum created an 
ischemia model. Consequently, blood flow to the ischemic limb was dependent on collateral 
vessels developing from the internal iliac artery. 

Design 1: Injection of "naked" human HGF (100, 250 or 500 ug/body) or control vector 

(500 ug/body) was also carefully injected directly, into the right ischemic limb of rats with a 27 G 
needle (Terumo) immediately after surgery. Injection volume of plasmid was 100 /&. 
Design 2: In design 2, we administered a single injection of 25 or 50 jig recombinant human 

HGF (rbHGF) locally (intra-arterially into the right ischemic limb) on day 0 after the operation. 
The experimental procedure was the same as described above. Animals received the first intra- 
arterial bolus of rhHGF (25 or 50 jig/body) or vehicle (0.1 % rabbit serum albumin) administered as 
a bolus over 1 minute through a cannula positioned in the internal iliac artery of the ischemic limb. 

Analysis of Luciferase activity 

Firefly luciferase activity was measured using a luciferase assay system (PicaGene™; 
Toyo-Inki, Tokyo, Japan). Rats were sacrificed at 5 days after transfection of luciferase gene with 
direct transfection of "naked" plasmid by direct injection into hindlimb. The tissue samples (200 



mg around injection site) were rapidly frozen in liquid nitrogen, and homogenized in a lysis 
buffer. The tissue lysates were briefly centrifuged (3000 rpm, 10 rnin), and 20 fi\ of supernatant was 
mixed with 100 pi\ of luciferase assay reagents. The measurements of the luminescent reaction were 
started at 5 sec after addition of sample. The counting lasted for 10 sec, and the counts in 10 sec 
were used for calculation of luciferase activity (16). 

Measurement of HGF concentration in hindlimb 

To document successful transection of HGF vector into the hindlimb, we examined the 
production of human immunoreactive HGF (11,17). Four days after transfection, the hindlimb of 
rats transfected with HGF or control vector were promptly removed without excess fat after 

perfusion via the apex with saline, frozen in liquid nitrogen, and then stored at -70 °C until use. On 
the day of extraction, the tissue was thawed at 4 °C, weighed, and homogenized by polytron in 
assay solution. Each specimen was centrifuged at 20,000 X g for 30 minutes at 4 °C, to remove the 
lysates. The concentration of HGF in the hindlimb was determined by enzyme-immunoassay using 
anti-human HGF antibody, as described previously (11,17). Briefly, rabbit anti-rat or anti-human 
HGF IgG was coated on 96-welI plates (Corning, NY) at 4'C for 15 hours. After blocking with 3% 
bovine serum albumin in phosphate-buffered saline (PBS), conditioned medium was added to each 
well, and the preparation was incubated for 2 hours at 25 m C Wells were washed three times with 
PBS containing 0.025% Tween 20 (PBS-Tween), biotinylated rabbit anti-human HGF IgG was 
added and the preparation was incubated for 2 hours at 25 After washing with PBS-Tween, 
wells were incubated with horseradish peroxidase-conjugated streptavidin-biotin complex in PBS- 
Tween. The enzyme reaction was initiated by adding substrate solution composed of 2.5 mg/ml o- 
phenylenediamine, 100 mM sodium phosphate, 50 mM citric acid, and 0.015% H 2 0 2 . The enzyme 
reaction was halted by adding 1 M H^SO^ and absorbance at 490 nm was measured. The antibody 
against human HGF reacts with only human HGF, and not with rat HGF (21). Rat immunoreactive 
HGF in the rat hindlimb was also measured by EIA using anti-rat HGF antibody, as the antibody 
against rat HGF reacts with only rat HGF, and not with human HGF (17). 



Measurement of blood flow by laser dopplcr image 

The measurement of blood flow with Laser Doppler Imager (LDI) has been previously 

described (18,19). As it was clearly demonstrated that Laser Doppler flow velocity well correlates 

with the capillary density (18,19), we measured the cardiac blood flow by means of a Laser 

Doppler blood flowmeter (Laser Doppler Imager, Moor Instruments, England). Indeed, we 

confirmed that the blood flow measured by LDI was well correlated with the capillary density (data 

not shown). Excess hairs were removed by depilatory cream from the limb before imaging, and rats 

were placed on a heating plate at 37 °C to minimize temperature variation. Consecutive 

measurements were obtained over the same region of interests (leg and foot). LDI uses a 12-mW 

helium-neon laser beam that sequentially scans a 5X5 cm surface area with extremely high speed to 

be able to measure the blood flow in the ischemic hindlirab. The blood flow at 1 mm under the 

surface can be measured. While scanning, blood cells that are in motion shift as the frequency of 

projection light according to the Doppler principle. Upon the termination of scanning, a color- 

coded image representing blood flow distribution is displayed on a monitor. The perfusion signal is 

subdivided into 14 different intervals, and each interval is displayed in a separate color. Low or no 

perfusion is displayed as dark blue, whereas the highest perfusion intervals is displayed as white. 

The stored perfusion values behind the color-coded pixels remain available for the data analysis. 

« 

Before measuring, rats were anesthetized, intubated and connected to a respirator. Perfusion 
analyses were performed sequentially; a) the- ischemic hindlimb transfected with control vector, b) 
the ischemic hindlimb transfected with HGF vector. These laser images were quantitatively 
converted into histograms that represented the amount of blood flow on the x-axis and the number 
of pixels on the y~axis in the traced area. The average blood flow in each histogram was calculated 
to be evaluated. 

Measurement of capillary density 

Alkaliphosphatase staining was used as specific markers for endothelial cells in paraffin- 



embedded sections, as previously described (20,21). To analyze the number of vessels in the 
ischemic hindlimb transfected with HGF vector or control vector, rats were sacrificed and the 
muscles were removed. Three individual sections from the middle of the transfected muscle were 
analyzed. The number of vessels was counted under a light microscopy (magnification, x 100) in a 
blinded manner. The total number of vascules in each section was summed and expressed as 
number per section. At least ten individual sections were evaluated on each muscle. The areas, in 
which the number of vascules was quantified, were randomly selected in the injected site and 
around the injected site. The animals were coded so that the analysis was performed without any. 
knowledge of which treatment for each individual had received. The reproducibility of the results 
was assessed, Intraobseryer variability was determined from triplicate measurements performed by 
one observer for all sections. The mean ± SD difference among measurements made by the same 
observer was 1.8 ± 0.2 %. Interobserver variability was determined from measurements of 10 
randomly selected sections performed by the second observer in addition to the first one. The 
numerical difference between the measurements made by two observers was 2.1 ± 0.8 %. These 
observers were blinded to other data concerning the rats, as well as to the results of other observers. 

Experiment 2: rabbit hindlimb ischemic model 
Rabbit ischemic hind limb model 

The physiological response to transfection of human HGF vector was also investigated in the 
rabbit ischemic hind limb model, described in previous reports (21). Briefly, male New Zealand 
White rabbits (3.5 to 4.0 kg) (Kitayama Rabes, Japan) were anesthetized with a mixture of xylazine 
(5 mg/kg) and ketamine (50 mg/kg). A longitudinal incision was then made, extending inferioriy 
from the inguinal ligament to a point just proximal to the patella. Through this incision, using 
surgical loupes, the operator dissected foe the left femoral artery along its entire length; all 
branches of the femoral artery, including the inferior epigastric, deep femoral, lateral circumflex, 
and superficial epigastric arteries, were also dissected free. After dissection of the popliteal and 
saphenous arteries distally, the external iliac artery and ail of the mentioned arteries were ligated 



with' 4-0 silk (Ethicon). Finally, the left fi^^^j^^^P 
ischemic limb model, from its F ox^ori^'a bnmch of the external Mac artery to the point 
distally where it bifurcates to form the saphenous and popliteal arteries. Excision of the femoral 
artery results in retrograde propagation of thrombus and occlusion of the external iliac artery. 
Excision of the femoral artery 1 cm below the peritoneum created an ischemia model. 
Consequently, blood flow to the ischemic limb was dependent on collateral vessels developing 

from the interna! iliac artery. 

Four separate injections of 250 or 500 « human HGF vector (total 1 or 2 mg) locally (intra- 
ocular into the ischemic limb) were performed. Ten days after surgery (day 10) and after 
measurement of baseline body weight as well as baseline noninvasive and invasive mea—tS 
of hemodynamic parameters, the animals received the intra-muscular injection of human HGF 
"naked" plasmid vector or control plasmid lacking HGF gene (2 mg total) through a 27 gauge 
needle injection (Terumo, Atsugi, Japan) positioned above and below knee of the ischemic limb. 



• of the internal iliac artery in the ischemic limb at baseline 



Quantitative angiography 

The angiographic luminal diameter ( 
and after drug infusion was determined on day 0, 21 and 35 by previously described techniques 
(12,13). Briefly, morphometric analysis of collateral vessel development in the ischemic limb was 
performed in 4-second angiograms recorded after injection of contrast medium into the internal 
iUac artery. A grid with 20-mm spaces was placed over the angiogram in the region of the medial 
thigh. The number of contrast-opacified arteries crossing over circles and the total number of lines 
encompassing the medial thigh area were counted in a blinded fashion. The angiographic score was 
calculated as the ratio of overlying opacified arteries divided by the total number of lines in the 
ischemic thigh. This angiographic score reflects vascular density in the medial thigh. 



Intraarterial doppler guidewire measurement of blood flow 

Blood flow was quantified huyka before selective internal iliac angiography on New 



Zealand White rabbits using a 0.018-inch Doppler guidewire (Cardiometrics, CA) (21). The wire 
was advanced via the 3-F infusion catheter positioned at the origin of the common iliac artery to the 
proximal segment of the iliac artery supplying the ischemic limb. APV (average peak velocity) was 
recorded at rest maximum. APV was recorded after bolus injection of 2 mg papaverine. After 
completing identical measurements in the normal limb, selective internal iliac angiography was 

performed as described above. 

The angiographic luminal diameter of the internal iliac artery in the ischemic limb and of the 
external iliac artery in the normal limb were determined using an automated edge-detection system 
as previously described (21). The film selected for analysis was scanned with a high resolution 
video camera; the signal produced by the video camera was digitized and displayed on a video 
monitor (Laser Scan Image Comm, Santa Clara, CA). Center-lines were traced manually for a 10- 
mm long segment beginning immediately distal to the tip of the Doppler wire. The contents were 
subsequently detected automatically on the basis of the weighted sum of the first and second 
derivative functions applied to the digitized brightness information. The vascular diameter was then 
measured at the size of the Doppler sample volume (5mm distal to the wire top). Cross-sectional 
area was calculated assuming a circular lumen. Doppler-derived flow was calculated as previously 
described (21). 

Measurement of blood pressure 

Calf blood pressure was measured using Doppler Flowmeter. The pulse of the posterior tibial 
artery was identified using a Doppler .probe, and the systolic blood pressure in both limbs was 
determined using standard techniques (21). The calf blood pressure ratio' was defined for each 
rabbit as the ratio of systolic pressure of the ischemic limb to that of the normal limb. 

Statistical analysis 

All values are expressed as mean ± SEM. Analysis of variance with subsequent Duncan's test 
was used to determine the significance of differences in multiple comparisons. Differences P with 



value less than 0.05 were considered significant. 
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Results 

Angiogenesis induced by intra-muscular injection of "naked" human HGF plasmid in rat 
ischemia model 

Initially, we measured rat endogenous HGF concentration in the hindlimb. As shown in Fig. 
la, HGF concentration in the ischemic hindlimb was significantly decreased as compared to that in 
non-ischemic hindlimb as control. Similar results were obtained from human blood vessels of 
patients with peripheral arterial disease (12). Down-regulation of the endogenous HGF system may 
be related to the pathogenesis of peripheral arterial disease, since HGF showed an anti-apoptotic 
action on endothelial cells, in addition to its mitogenic activity (22,23). The decrease in local HGF 
production in the ischemic hindlimb might be due to transforming growth factor-p or hypoxia, 
which are strong suppressors of vascular HGF iajrfliQ. as well as in_sdXQ (24,25). Given the 
significant decrease in endogenous HGF production in the ischemic limb, we hypothesized that 
transfection of human HGF vector into the ischemic limb might result in a beneficial effect in 
hypoxia. Therefore, HGF plasmid was intra-muscularly transfected into the ischemic hindlimb of 
rats in which the femoral artery was excised to induce unilateral hind limb ischemia. 

Hist, we transfected luciferase gene into the ischemic hindlimb, to examine the feasibility of 
gene transfer using naked plasmid DNA. Consistent with the previous reports (16), luciferase 
activity could be detected in the muscle transfected with luciferase vector (control: not detected, 
luciferase: 64400 ± 12600 RLU/ g tissue, P<0.01). Then, we measured human HGF concentration 
in the ischemic hindlimb transfected with human HGF or control vector. Expectedly, human 
hnmunoreactive HGF readily detected in the hindlimb transfected with human HGF vector, but not 
control vector at 4 days after transfection (Fig. lb, P<0.01). Followed by increase in human HGF 
concentration, injection of human HGF vector into the ischemic hindlimb resulted in a significant 
increase in blood flow from 3 weeks after transfection to 5 weeks after transfection (P<0.01), as 



shown in Fig, 2a & 2b. The degree of increase in blood flow by naked plasmid DNA was 
observed in a dose-dependent manner (P<0.01). Moreover, transfection of human HGF vector 
significantly increased capillary density as stained by alkaliphosphatase (a marker of endothelial 
cells) in ischemic hindlimb around the injection site as compared to hindlimb transfected with 
control vector (Fig. 3a & 3b, P<0.01). These results clearly demonstrated that transfection of 
human HGF vector into ischemic hindlimb induced therapeutic angiogenesis for the treatment of 
peripheral arterial disease. Moreover, we compared the effect of plasmid HGF DNA with 
recombinant HGF on the blood flow. Importantly, the increase in blood flow was much greater in 
rats transfected with 500 /ig DNA than that administered with 25 or 50 /tg of recombinant HGF 
weeks after transfection (P<0.01, Fig. 4). These results demonstrate that angiogenesis induced by 
gene transfer of HGF would be beneficial as compared to a single intra-arterial administration of 



rHGF. 



Angiogenesis induced by intra-muscular injection of "naked" human HGF plasmid in rabbit 
iscbemia model 

Given the successful therapeutic angiogenesis using "naked" human HGF plasmid in rat ischemia 
model, the feasibility of gene therapy was also examined in a rabbit hindlimb ischemia model as 
pre -clinical study for human gene therapy. Therefore, naked human HGF plasmid was intra- 
muscularly injected into the ischemic hindlimb of rabbits in which the femoral artery was excised 
to induce unilateral hind limb ischemia. There was no significant difference in body weight 
between the rabbits treated with HGF plasmid and control vector on day 45 after surgery (data not 
' shown), mtra-muscular injection of HGF plasmid into the ischemic limb on day 10 after surgery 
produced significant augmentation of collateral vessel development as assessed by angiography on 
day 31 and 45 in the ischemia model in a dose-dependent manner, as shown in Fig. 5 (P<0.01). 
Serial angiograms revealed progressive linear extension of collateral arteries from the origin stem 
artery to the distal point of the reconstituted parent vessel in HGF-treated animals (Fig. 5). Of 
importance, injection of HGF vector also reduced severe necrosis due to ischemia in rabbit muscle, 
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while vehicle-treated rabbits demonstrated severe necrosis of muscle (data not shown). Consistent 
with induction of angiogenesis, a significant increase in blood flow as assessed by doppler flow 
wire at basal condition was observed in the rats transfected with HGF plasmid as compared to rats 
transfected with control vector (Fig. 6, P<0.01). Papaverin treatment increased the blood flow both 
5n rats transfected with HGF plasmid and control vector. Even under papaverin treatment, blood 
flow was significantly increased in rats transfected with HGF vector as compared to control vector 
(Fig. 6, P<0.01). A significant increase in the blood pressure ratio of ischemic limb to normal limb 
was also observed in the rats transfected with HGF plasmid as compared to control vector (the 
blood pressure ratio of ischemic limb to normal limb of rabbits transfected with control vector is 
0.67±0.07;Fig.7,P<0.01). 



Discussion 

In patients with critical limb ischemia, since there is no pharmacological treatment. 
Amputation, despite its associated morbidity, mortality, and functional implications (1,26,27), is 
often recommended as a solution to the disabling symptoms, in particular excruciating ischemic 
rest' pain (28-30). Indeed, a second major amputation is required in nearly 10 % of such patients. 
Consequently, the need for alternative treatment strategies in patients with critical limb ischemia is 
compelling. A novel therapeutic strategy using angiogenic growth factors to expedite and/or 
augment collateral artery development has recently entered the realm of treatment of ischemic 
diseases. Indeed, the clinical utility of gene therapy using VEGF gene has been recently reported 
for the treatment of critical limb ischemia.and myocardial ischemia (4-6). The present study raises 
me possibility of a new strategy, therapeutic angiogenesis using HGF- as gene therapy, instead of 
VEGF, for the treatment of patients with critical limb ischemia. HGF is a mesenchyme-derived 
pleiotropic factor which, regulates cell growth, cell motility, and morphogenesis of various types of 
cells, and is thus considered a humoral mediator of epitteM-mesenchymai interactions responsible 
for morphogenic tissue interactions during embryonic development and organogenesis (31,32). 



Based on our recent finding that HGF exclusively stimulated the growth of endothelial cells 
without VSMC replication, we further studied the capability of HGF to stimulate angiogenesis as 
means of gene therapy. 

Although the feasibility of therapeutic angiogenesis using HGF has been reported in the 
experimental models (12), none of reports have examined the potential utility of HGF gene transfer 
to- stimulate angiogenesis. Here, we demonstrated direct i n VJVO evidence of therapeutic 
angiogenesis induced by HGF gene transfer both in rat and rabbit ischemia models. Notably, a 
single intra-muscular injection of naked HGF plasmid was sufficient to induce therapeutic 
angiogenesis in the rat and rabbit hind limb ischemia model. Thus, jnudto transfer of HGF gene 
into the muscle opens up the possibility of local gene therapy for unbeatable peripheral arterial 
diseases, although existing methods have many limitations such as low efficiency and/or potential 
toxicity. 

What is the clinical relevance of therapeutic angiogenesis induced by HGF as compared to 
VEGF ? First, HGF may not cause edema as a side-effect, as it does not increase permeability, 
different from VEGF. Second, c-met has been reported to be up-regulated in response to hypoxia in 
a myocardial ischemia model (14), probably enhancing the angiogenic activity of HGF. Third, 
previous reports showed elevated levels of cell-associated matrix degrading enzymes (MMP-l etc.) 
and enhanced plasmin-generating ability (uPA) by HGF (33-35). Interestingly, uPA activates pro- 
HGF m vitro, and activation of pro-HGF involves the formation of a stable complex between pro- 
HGF and uPA (30), suggesting that the biological effects of HGF can be titrated in vivo by the 
level of uPA activity. Increased amounts of uPA locally induced by HGF may condition the tissue 
microenvironment by rendering HGF bioavailable to its target cells. Fourth, HGF has been 
postulated to promote angiogenesis as a result of a combination of direct effects on endothelial cells 
and indirect effects, including paracrine up-regulation of VEGF, on VSMC (13). Fifth, decrease in 
endogenous vascular HGF may increase the threshold of safety against HGF, as the present and 
previous studies demonstrated the decrease in endogenous HGF concentration in ischemic 
condition (12,25). 



One of the distinguishing features of HGF mentioned above the fact that the HGF gene 
encodes a secretary signal sequence-might be exploited as part of a strategy designed to accomplish 
therapeutic angiogenesis by arterial gene transfer. Previous reports mentioned that site-specific 
transfection of rabbit ear arteries with the plasmid encoding the gene for human growth hormone-a 
secreted protein-yields local levels of human growth hormone equivalent to what has been 
considered to be in a physiologic range-despite that fact that immunohistochemical examination of 
the transfected tissue disclosed evidence of successful transfection in <1% of cells in the 
transfected arterial segment (36). Thus, gene products that are secreted may have profound 
biological effects, even when the number of transduced cells remains low. In contrast for genes 
such as bFGF which do not encode a secretory signal sequence, transfection of a much larger cell 
population might be required for that intracellular gene product to express its biological effects. In 
these cases, higher efficient transfection method must be necessary. 

Overall, the present studies suggest a novel therapeutic strategy that might reduce the 
symptoms of critical limb ischemia, utilizing the angiogenic properties of HGF gene transfer. 
Currently, we plan to start human clinical trial using HGF naked plasmid DNA to treat peripheral 
arterial disease. In addition, stimulation of new vessel formation by HGF is likely to create new 
therapeutic options in angiogenesis-dependent conditions such as wound healing, inflammatory 
diseases, ischemic heart disease, myocardial infarction and peripheral arterial disease. 
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Figure Legends 

Figure 1. (a) Muscular rat HGF concentration in non-ischemic and ischemic hindlimb. 
Non-ischemic limb - muscle from non-ischemic rats, Ischemic limb = muscle from ischemic rats. 
Each group contains 7-8 animals. 

(b) Human HGF concentration in muscle of ischemic hindlimb transfected with control or human 
HGF plasmid. 

Control = muscle from ischemic hindlimb transfected with control vector (500 fig), plasmid (500 
fig) ~ muscle from ischemic hindlimb transfected with human HGF vector (500 fig). N.D. = not 
detected. Each group contains 5-8 animals. 

Figure 2. Effect of intra-muscular injection of human HGF plasmid in rat ischemic limb 

model (design 1) 

(a) Typical Ijoiage of myocardial blood flow analyzed by laser Doppier imager at 5 weeks after 
transfection. 

Control = right ischemic hindlimb transfected with control vector (500 fig) 9 b) HGF plasmid ~ right 
ischemic hindlimb transfected with HGF vector (500 fig). 

Intramuscular injection of plasmid was performed to right ischemic hindlimb. Panels show color- 
coded images representing blood flow distribution. Low or no perfusion is displayed as dark blue, 
whereas the highest perfusion is displayed as white. 

(b) Quantitative analysis of blood flow in right hindlimb. 

control = blood flow in ischemic hindlimb transfected with control vector (500 fig), HGF 100-500 
fig = blood flow in ischemic hindlimb transfected with HGF vector (100 - 500 fig/body), pre ~ 
pretreatment, 1, 3, 5 = 1, 3 or 5 weeks after transfection. 
##P<0.01 vs. Control Each group contains 7-8 animals. 

Figure 3. Effect of the transfection of HGF vector on the vascular formation. 

(a) Representative cross-sections (200X): Control = muscle from rats transfected with control 



vector (500 //g), HGF = muscle from rats transfected with human HGF vector (500 ^g). 

(b) Effect of the transfection of human HGF vector on the number of vessels. 

Control = muscle from rats transfected with control vector (500 /*g), HGF/100, 250, 500 = muscle 

from rats transfected with human HGF vector (100, 250 or 500 fig). Each group contains 7 to 8 

animals. 

Figure 4. Comparison of the increase in blood flow induced by HGF gene transfer and a 

single administration of recombinant HGF (design 2). 

rHGF = rats treated with rHGF (25 or 50 ^g/body), HGF = rats transfected with human HGF vector 
(500 /ig/body). pre = pretreatment, 1, 3, 5 = 1, 3 or 5 weeks after transfection. *P<0.01 vs. 
pretreatment, Each group contains 7 to 8 animals. 

Figure 5. Effect of the transfection of HGF vector on the vascular formation in rabbit 

hindlimb ischemic model 

(a) Representative angiograms: 

(A) Control - rabbit transfected with control vector (2 mg), (B) HGF = rabbit transfected with 
human HGF vector (2 mg). 

(b) Effect of the transfection of HGF vector in rabbit hindlimb ischemic model on angiographic 
score expressed as percent change compared to vehicle. 

control ~ rabbit transfected with control vector (2mg/body), HGF Img or 2 mg = rabbit transfected 
with human HGF vector (1 or 2 mg/body). **P<0.01 vs. control at corresponding time point. 
Control group contains 4 animals; each HGF group contains 3 animals. 

Figure 6, Effect of transfection of human HGF plasmid on percent increase in blood flow as 

assessed by doppler flow wire. 

control = rabbit transfected with control vector (2mg/body), HGF = rabbit transfected with human 
HGF vector (1 or 2 mg/body). Pre-BF « before treatment with papaverin; post-BF » after treatment. 
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with papaverin. *P<0.05, **P<0.01 vs. control at corresponding time point. Control group 
contains 4 animals; each HGF group contains 3 animals. 

Figure 7. Effect of transfection of human HGF plasmid on percent increase in the ratio of 

blood pressure in ischemic hmdlimb to that in (contralateral) non-ischemic hindlimb. 
control = rabbit transfected with control vector (2mg/body), HGF = rabbit transfected with human 
HGF vector (1 or 2rag/body). *P<0.G5, **P<0.01 vs. control. Control group contains 4 animals; 
each HGF group contains 3 animals. 
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1994;89:785-792 
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Abstract 

Background: The feasibility of a novel therapeutic strategy using angiogenic growth factors to expedite 
and/or augment collateral artery development has recently entered the realm of treatment of ischemic diseases. 
Hepatocyte growth factor (HGF) is a novel member of endothelium-speciric growth factors whose mitogenic 
activity on endothelial cells is very potent Although it has been demoistrated that HGF is a potential angiogenic 
growth factor in in vitro culture systems, there is no direct in vivo evidence for the angiogenic activity of HGF in 
physiological conditions. In this study, we hypothesized that transfection of HGF gene into infarcted myocardium 
could induce angiogenesis, potentially resulting in a beneficial response to hypoxia. 

Methods & Results: Human HGF gene or control vector driven by SRa promoter was transfected into rat 

myocardium by HVJ-liposome method Four days arte in vivo transfection of human HGF gene, there was a 
marked increase in human irnmunoreactive HGF as compared to control vector (P<0.01). In myocardium 
transfected with HGF vector, a significant increase in PO^A-pcdtive endothelial cells was observed, while few 
PCNA-positive endothelial cells were detected in both control-vector-trarisfected and untreated myocardium. The 
number of vessels around the HGF injection sites was significantly increased as compared to control vector or 
vehicle (P<0.01). Angiogenic activity induced by the transfection of HGF vector was also confirmed by the 
activation of a transcription factor, ets, which is essential for angiogenesis, assessed the irnmunohistochemical study 
and the gel shift mobility assay. Furthermore, we studied the pathophysiological role of HGF in a myocardial 
inrarction model The concentration of endogenous HGF was significantly decreased in infarcted myocardium. 
Therefore, we hypothesized that transfection of HGF gene into infarcted myocardium could induce a beneficial 
response to the decreased endogenous HGF. Indeed, transfection of human HGF into infarcted myocardium also 
resulted in a significant increase in the number of vessels (P<0.01), accompanied by marked induction of ets binding 
activity and a significant increase in blood flow. 

Conclusion: Overall, the present results provide direct in vivo evidence for the induction of angiogenesis by 
transfection of human HGF gene in rat non-infarcted and infarcted myocardium. The constant production of local 
HGF resulting from the transgene may be considered as an innovative therapeutic angiogenesis strategy for 
ischemic diseases such as myocardial inrarction. 



Introduction 

Recent progress in molecular biology has led to the development of gene therapy 1-3 as a new 
strategy to treat a variety of cardiovascular diseases. Targeted disease range from single gene 
deficiency diseases to more complex diseases in adults such as restenosis after angioplasty. One 
obvious major target in the field of gene therapy is cardiac diseases, including myocardial 
infarction and cardiomyopathy. Recent reports have described that the administration of basic 
fibroblast growth factor (b-FGF) or vascular endothelial growth factor (VEGF) into the pericardium 
salvaged inf arcted myocardium via formation of neovasculature The expression of angiogenic 
factors (as exemplified by basic and acidic fibroblast growth factor, TGF-jJ and vascular endothelial 
growth factor) due to gene transfer might induce neovascularization, resulting in the salvage of 
the infarcted myocardium. It is not surprising that gene transfer of angiogenic factors such as 
bFGF-aiKi VEGF may rescue the infarcted myocardium rather than neovascularization therapy with 
a recombinant. As we have previously reported successful gene transfer in a myocardial infarction 
model 6,? , we reasoned that transfection of angiogenic growth factor genes is a potential gene 
therapy for myocardial infarction. 

We have focused on hepatocyte growth factor (HGF), which is a mesenchyme-derived 
pleiotropic factor that regulates cell growth, cell motility, and morphogenesis in various types of 
cells. Also HGF is considered a humoral mediator of epithelial-mesenchymal interactions 
responsible for morphogenic tissue interactions during the period of embryonic development and 
organogenesis 8 ' 9 . Recently, HGF has been reported as a mitogen exclusively for endothelial ceils 
without the replication of vascular smooth muscle cells (VSMC) MMS f thereby indicating it as a 
potential angiogenic growth factor. Indeed, activation of the HGF system promoted angiogenesis in 
a Matrigel system M , however, this system provides far from physiological conditions. Thus, there 
is no direct in vivo evidence of the angiogenic action of HGF. Moreover, HGF and its specific 
receptor, c-met, are expressed in the heart and blood vessels including endothelial cells and 
vascular smooth muscle cells 15 . In this study, we addressed two specific issues, to examine the 
feasibility of gene therapy for myocardial infarction: 1) whether over-expressed HGF in non- 
infarcted and infarcted myocardium induces neovascularization, and 2) what molecular 
mechanisms are involved in angiogenesis induced by over-expression of HGF. 
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Results 

vivo transaction of human HGF into non-infarcted myocardium 

To examine the effect qf HGF gene transfected into the myocardium, we first measured 
human immunoreactive HGF in non-infarcted myocardium transfected with human HGF vector or 
control vector at 4 days after transfection. As shown in Fig. la, human immunoreactive HGF was 
readily detected in myocardium transfected with human HGF vector, by EIA using specific human 
anti-HGF antibody that did not cross-react with rat HGF, while human HGF could not be detected 
in myocardium transfected with control vector. Similarly, human HGF could not be detected in 
untransfected myocardium. Interestingly, rat endogenous immunoreactive HGF concentration 
was significantly increased in myocardium transfected with human HGF vector, as assessed 
by EIA using specific rat anti-HGF antibody at 4 days after transfection (Fig. lb). These data 
suggest that endogenous cardiac HGF was induced by over-expressed exogenous HGF. 

Angiogenesis induced by human HGF gene transfer 

Given the successful fa vivo transfer of human HGF vector into the myocardium, the 
proliferation of endothelial cells was measured at 4 days after transfection by immunohistochemical 
analysis using PCNA staining, to determine the mitogenic action of locally produced human HGF. 
The transfection of human HGF vector significantly increased PCNA-stained endothelial cells (a 
marker of DNA synthesis) in the myocardium around the injection site as compared to myocardium 
transfected with control vector (Fig. 2a). The PCNA-positive cells were identified as endothelial 
cells, but not fibroblasts or cardiac myocytes, as assessed by HE staining and endothelium-specific 
staining with endothelial cell specific antibody (RECA). In intact normal hearts, less than 1% of 
endothelial cells in the myocardium stained positively for PCNA by immunohistochemical 
technique (data not shown). As shown in Fig. 2b, the number of PCNA-positive stained endothelial 
cells was significantly increased in myocardium transfected with human HGF vector as compared 
to control vector-transfected myocardium and untransfected myocardium (P<0.01). 

Next, we measured the number of vessels at 14 days after transfection. Of importance, the 
number of vessels was significantly increased in myocardium transfected with HGF vector as 
compared to control vector (P<0.01), as shown in Figs. 3a & 3b. However, for angiogenesis to 



have therapeutic feasibility, the size of neovascularized vessels is important. Therefore, we also 
counted the number of vessels, according to the size. Microvessels less than 10 fim were 
significantly increased in myocardium transfected with HGF gene (Fig. 3b). In addition to 
microvessels, vessels more than 10 /an were also significantly increased in myocardium transfected 
with HGF vector, as shown in Fig. 3b. These results indicate that the angiogenesis induced by HGF 
could produce small-to-medium sized vessels as well as micro-capillary vessels. 

Up-regulation of essential transcription factor for angiogenesis, ets, by HGF 

To further confirm the induction of angiogenesis by iiudSQ transfection of HGF gene, an 
essential transcription factor for angiogenesis, ets-1, was analyzed. Transfection of HGF vector 
caused a large increase in ets activity in myocardium transfected with HGF vector, which was 
assessed by gel mobility shift assay (Fig. 4). Moreover, complete competition for the increased 
binding of ets-1 by an excess amount of cold ets-1 probe was observed (Fig. 4a). Densitometry 
analysis revealed a significant increase in ets-1 binding activity in myocardium transfected with 
HGF vector as compared to control vector (P<0.01, Fig. 4b). To investigate the localization of up- 
regulated ets-1 binding activity, we also performed immunohistochemical analysis. 
Immunohistochemical studies showed little staking in myocardium transfected with control vector 
and untransfected myocardium. In contrast, in myocardium transfected with human HGF vector, 
positive staining of ets-1 was observed in endothelial cells and VSMC around neovascularized 
vessels (Fig. 5). 

Induction of angiogenesis by over-expressed HGF in myocardial infarction model 

Given the strong angiogenic activity of the over-expression of human HGF, we further 
studied the physiological role of over-expressed HGF in a myocardial infarction model. Thus, we 
measured the endogenous cardiac HGF level in infarcted myocardium. Of importance, cardiac 
immunoreactive rat HGF was significantly decreased at 14 days after myocardial infarction 
(P<0.01, Fig. 6b), as compared to that in sham-operated rat. Therefore, we concluded that 
transfection of HGF gene into the infarcted myocardium could induce a beneficial response to the 
decreased endogenous HGF. Importantly, the expression of transfected HGF was sustained at 
least up to 14 days after transfection (Figi 6a). Interestingly, transfection of human HGF 
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vector significantly increased rat endogenous cardiac HGF (Fig. 6b). Moreover, a significant 
increase in the number of vessels was observed in the myocardium transfected with human 
HGF vector as compared to that in control vector at 14 days after transfection (P<0.01, Fig. 
7), accompanied by induction of ets binding activity (Fig. 8). Similar to the experiments in non- 
infarcted myocardium, microvessels less than 10 were significantly increased in myocardium 
transfected with HGF gene. In addition to microvessels, vessels more than 10 were also 
significantly increased in myocardium transfected with HGF vector (Fig. 7b). Moreover, a marked 
increase in blood flow was observed using a laser Doppier perfusion imager in infarcted 
myocardium transfected with HGF vector (Fig. 9). Although blood flow in infarcted myocardium 
was markedly decreased as compared to non-infarcted myocardium, the over-expression of HGF 
significantly attenuated the decrease in blood flow in infarcted myocardium (Fig. 10, P<0.05). 



Discussion 

HGF has been postulated to be a potent angiogenic growth factor, since it is a mitogen for 
various endothelial cells and is also a potent inducer of tube formation 10 * M . Indeed, the angiogenic 
response to HGF has been reported in an experimental model of implanted reconstituted basement 
membrane (Matrigel) 14 . However, no report has described the angiogenic activity of HGF in 
physiological conditions in a normal tissue without any supplement such as Matrigel, and in 
addition, there are controversial reports that HGF was unable to stimulate angiogenesis I6 . Here, we 
demonstrated direct m vivo evidence of angiogenesis induced by HGF in non-infarcted and 
infarcted myocardium. The specificity of the angiogenic effect of in vivo transfection of HGF gene 
into the myocardium is supported by several lines of evidence: 1) Human HGF protein was 
increased by the transfection of human HGF vector. 2) An increase in the number of vessels and 
PCNA-positive stained endothelial cells was observed in myocardium transfected with HGF vector. 
3) Induction of an essential transcription factor for angiogenesis, ets-1, by transfection of HGF 
vector was observed. More importantly, the current study demonstrated a significant increase in 
blood flow by the over-expression of HGF even in infarcted myocardium. These data clearly reveal 



the potential utility of HGF gene transfer for the treatment of ischemic heart disease. 

Members of the ets family play important roles in regulating gene expression in response to 
multiple developmental and mitogenic signals 17 - M . The ets family of transcription factors has a 
DNA-binding domain in common that binds' to a core GGA(A/T) DNA sequence 2W2 . In situ 
hybridization studies have shown that the proto-oncogene c-ets is expressed in endothelial cells at 
the begmning of blood vessel formation, under normal and pathological conditions Thus, 
previous reports suggest that the ets family may activate the transcription of genes encoding 
collagenase 1, stromelysine 1 and urokinase plasminogen activator, which are proteases involved in 
extracellular matrix degradation It is believed that the ets family takes part in regulating 
angiogenesis by controlling the transcription of these genes whose activity is necessary for the 
migration of endothelial cells from pre-existing capillaries. In this study, we also demonstrated the 
up-regulation of endogenous HGF expression by exogenously transfected HGF gene, consistent 
with our previous findings in m vii™ experiments K . Induction of ets activity by over-expressed 
HGF may regulate this auto-loop up-regulation of HGF, since the promoter region of the HGF gene 
contains a number of putative regulatory elements, such as a B cell- and macrophage-specific 
transcription factor binding site (PU.l/ETS), besides a interleukin-6 response element (IL-6 RE), a 
TGF-beta inhibitory element (TIE), and a cAMP response element (CRE) 29 . 

VEGF, another endothelium-specific growth factor, has been reported to be up regulated by 
hypoxia ™ vitro and by ischemia in vivo 3M2 . Therefore, VEGF is a likely mediator in the natural 
process of ischemia-induced myocardial neovascularization. In the clinical setting, the VEGF 
induced as a potent angiogenesis factor may not be sufficient to stimulate coronary collateral 
formation, therefore, administration of recombinant VEGF or VEGF gene to promote angiogenesis 
will be useful as a treatment for arteriosclerosis obliterans (ASO) and myocardial infarction in 
animal models and clinical patients sw *. 

On the other hand, the present data demonstrated that endogenously expressed HGF was 
markedly decreased in infarcted myocardium in the late phase (14 days), although the up-regulation 
of c-met has been previously reported in a myocardial infarction model in the acute phase M ; 
Therefore, a sufficient supply of HGF by in vivo transfer of HGF gene into the infarcted 
myocardium would also enhance collateral formation. Of importance, the over-expression of HGF 
also has the ability to induce angiogenesis in a myocardial infarction model, in addition to non- 



infarcted myocardium. Taken together, over-expression of HGF might enhance angiogenesis in 
myocardial infarction. Since the size of myocardial infarction correlates closely with mortality and 
residual impairment of function in survivors 36 , a therapy targeted at promoting collateral foimation 
would decrease the size of chronic myocardial infarction. Indeed, the beneficial effect of HGF 
gene transfer was also reported by Ueda et ai 37 . They demonstrated that transfection of HGF 
gene into transplanted hearts resulted in the attenuation of reperftision injury 37 . In addition, 
we have previously reported anti-apoptotic action of HGF in endothelial cells M . Although it is 
likely that gene transfer of HGF may also work as anti-apoptotic factor in myocardial 
infarction model, further studies are necessary. 

The current studies suggest a novel therapeutic strategy that might reduce the extent of 
myocardial infarction, utilizing in vivo transfer of HGF gene, through the induction of coordinated 
transactivating gene, i.e., ets-1, which is necessary for angiogenesis. In this study, we employed 
direct injection into the non-infarcted and infarcted myocardium, since we have previously reported 
no evidence of cytotoxicity or inflammation caused by HVJ-liposome complex itself 6 * % 39 . 
Moreover, we have established an efficient in vivo gene transfer method into the heart using HVJ- 
liposome method via direct infusion into a coronary artery as well as incubation within the 
pericardium, without any damage to the myocardium 6 . The widespread transgene expression 
obtained by these approaches suggests that neovascularization induced by the over-expression of 
HGF gene may be useful for the treatment of ischemic heart disease. 

In conclusion, manipulation of the formation of new vessels by means of the over-expression 
of HGF is likely to provide new therapeutic options in angiogenesis-dependent conditions such as 
wound healing, inflammatory diseases, peripheral vascular disease and ischemic heart disease such 
as myocardial infarction. 



Materials and Methods 

Construction ofplasmids 

To produce a HGF expression vector, human HGF cDNA (2.2 kb) was inserted into the Eco 
RI and Not I sites of pUC-SRa expression vector plasmid. In this plasmid, transcription of HGF 
cDNA was under the control of the SRa promoter 4MI . 
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Preparation ofHVJ-liposome 

We have previously reported a high efficacy of transfection with Hemagglutinating Virus of 
Japan (HVJ)-coated liposomes Briefly, phosphatidylserine, phosphatidylcholine, and 

cholesterol were mixed at a weight ratio of 1:4.8:2 in tetrahydrofuran. The lipid mixture (10 mg) 
was- deposited on the sides of a flask by removal of the solvent in a rotary evaporator. The high 
mobility group (HMG)-1 purified from calf thymus was mixed with plasmid DNA (300 ^g) in 200 
* /A balanced salt solution (BSS; 137 mM NaCl, 5.4 mM KC1, 10 mM Tris-HCl, P H 7.6) at 20'C for 
1 hour, and then the mixture was added to the dried lipid. Liposome-DNA-HMG 1 complex 
suspension was mixed by vortex, sonication for 3 seconds, and shaking for 30 min. Purified HVX (Z 
strain) was inactivated by UV kradiation (110 erg/mm 2 /sec) for 3 min immediately prior to use. 
The liposome suspension (0.5 ml, containing 10 mg lipid) was mixed with HVJ (20,000 
hemagglutinating units) in a total volume of 4 ml BSS. The mixture was incubated at 4"C for 10 
min and then for 30 min with gentle shaking at 3TC. Free HVJ was removed from the HVJ- 
liposomes by sucrose density gradient centrifugation. The top layer of the sucrose gradient 
containing the HVJ-liposome-DNA complex was collected and used immediately. 

J nvivo gene transfer using direct injection approach 

Sprague-Dawley rats (400-500 g; Charles River Breeding Laboratories) were anesthetized 
with an intraperitoneal injection of sodium pentobarbital (0.1 mVlOO mg). Rats were intubated and 
connected to a respirator. HVJ-liposome complex containing human HGF or control vector (10 
/tg/ml in liposomes) was injected directly into the apex of the non-infarcted heart with a 30G 
needle through a left lateral thoracotomy. Then 10 fil (0.1 fig plasmid) HVJ-liposome complex was 
injected in to each rat 6,7,w . 

Measurement of HGF concentration in myocardium 

To document successful transfection of HGF vector into the myocardium, we examined the 
production of human immunoreactive HGF »"*. Four days after the transfection, the hearts of the 
rats transfected with HGF or control vector were promptly taken away with removing excess fat 
after perfusion via the apex with saline, frozen in liquid nitrogen, and then stored at -70 "C. On the 



day of the extraction, the tissue was thawed at 4 °C, weighed, and homogenized by polytron in an 
assay solution. Each specimen was centrifuged at 20,000 X g for 30 minutes at 4 °C, to remove the 
lysates. The concentration of HGF in the- myocardium was determined by the enzyme- 
immunoassay with an anti-human HGF antibody, as described previously "- 15 . Briefly, a rabbit anti- 
rat or an anti-human HGF IgG was coated on 96-well plates (Corning, NY) at 4'C for 15 hours. 
After blocking with 3% bovine serum albumin in phosphate-buffered saline (PBS), the conditioned 
medium was added to each well. Afterwards, the preparation was incubated for 2 hours at 25 "C. 
Wells were washed three times with PBS containing 0.025% Tween 20 (PBS-Tween). A 
biotinylated rabbit anti-human HGF IgG was added and the preparation was incubated for 2 hours 
at 25 'C. After the wash with PBS-Tween, wells were incubated with a horseradish peroxidase- 
conjugated streptavidin-biotin complex in PBS-Tween. The enzyme reaction was initiated by 
adding substrate solution composed of 2.5 mg/ml o-phenylenediamine, 100 mM sodium phosphate, 
50 mM citric acid, and 0.015% H 2 0 2 . The enzyme reaction was suspended by adding 1 M HjSO,, 
and the absorbance was measured at 490 am of wavelength. The antibody against human HGF 
reacts with only human HGF, not with rat HGF M . 

Immunokistochemical studies 

Monoclonal antibodies against endothelial specific RECA (1A4, DAKO, Glostup, Denmark) 
and proliferating cell nuclear antigen (PCNA) (PC-10, DAKO) were used as specific markers for 
endothelial cells and proliferating cells, respectively, in paraffin-embedded sections. Also, anti-ets- 
1 (Santa Cruz, CA) antibody was used to analyze the expression of ets-1 induced by the 
transfection of HGF gene. Immunohistochemical staining was performed using the 
immunoperoxidase avidin-biotin complex system with nickel chloride (NiCl) color modification as 
previously described 4S . Briefly, 5-um sections were deparaffinized, rehydrated before blocking the 
endogenous peroxidase activity with 3% hydrogen peroxidase, and preincubated with 5% normal 
rabbit serum in Tris-HCl buffered saline (TBS) for 20 minutes. Diluted primary antibodies (1A4 
1:50, PC-10 1:500, anti-ets-1 1:20) were then applied to the sections, and these sections were 
incubated for 30 minutes. With intervening washing in TBS, they were serially incubated with a 
1:400 dilution of biotinylated rabbit, anti-mouse IgG (DAKO) in TBS for 30 minutes; streptavidin- 
biotinylated horseradish peroxidase complex (DAKO), diluted 1:100 in TBS for 30 minutes; 0.05% 



^•-diaminobenzidine (DAB, Sigma Chemicals, St. Louis, MO) in 200 ml TBS to which had 
been added 0.2 ml 30% hydrogen peroxide and 1.0 ml 8% NiCl solution for 5 minutes. Sections 
were counter-stained with methylgreen, dehydrated in a graded series of alcohol concentrations, 
pexmeated with xylene, and then covered with a coverslip. 

To analyze the number of vessels in the non-infercted and the infarcted myocardium 
transfected with HGF vector or control vector, HE staining was performed. Two weeks after the 
transfection, rats were sacrificed and the hearts were removed after perfitsion-fixation (110 mmHg) 
with 10% buffered formalin. Three individual sections from the middle of the transfected 
myocardium were analyzed. The number of vessels was counted under a light microscopy 
(magnification, x 100) in a blinded manner, after a selective staining with hematoxylin-eosin in a 
standard manner! The total number of vascules in each section was summed and expressed as 
number per section. At least ten individual sections were evaluated on each heart. The areas, in 
which the number of vascules was quantified, were randomly selected in the injected site and 
around the injected site. The animals were coded so that the analysis was performed without any 
knowledge of which treatment for each individual had received. The reproducibility of the results 
was assessed, mtraobserver variability was determined from triplicate measurements performed by 
one observer for all sections. The mean ± SD difference among measurements made by the same 
observer was 2.8 ± 0.5 %. Interobserver variability was determined from measurements of 10 
randomly selected sections performed by the second observer in addition to the first one. The 
numerical difference between the measurements made by two observers was 3.1 ± 0.6 %. These 
observers were blinded to other data concerning the rats, as well as to the results of other observers. 

Gel mobility shift assay 

Rats were sacrificed at 1 week after the transfection, and the nuclear extracts were 
prepared from the non-infarcted and the infarcted myocardium transfected with HGF vector or 
control vector, as previously described 44 ' 4S . In brief, rat hearts were homogenized with a Potte- 
Elvehjem homogenizer in 4 volumes of ice-cold homogenization buffer (10 mM Hepes [ P H 7.5], 
0.5 M sucrose, 0.5 mM speimidine, 0.15 mM spermin, 5 mM EDTA, 0.25 M EGTA, 7 raM beta- 
mercaptoethanol and 1 mM phenylmethylsulfonyl-fiuoride). After the centrifugation at 12,000 x g 
for 30 min at 4 °C, each pellet was lysed in 1 volume of ice-cold homogenization buffer containing 



0.1 % NP-40 by homogenizing hi a Dounce homogenizes Then it was centrifuged at 12,000 x g 
for 30 min at 4 °C and the pellet nucleus was washed twice with ice-cold buffer containing 0.35 M 
sucrose. After washing, the nucleus was pxe-extracted with 1 volume of ice-cold homogenization 
buffer containing 0.05 M NaCl and 10 % glycerol for 15 min at 4 °C. The nucleus was then 
extracted with homogenization buffer containing 0.3 M NaCl and 10 % glycerol for 1 hr at 4 «G 
Subsequently, the concentration of DNA was adjusted to 1 mg/ml. After pelleting the extracted 
nucleus at 12,000 x g for 30 min at 4 °C, 45 % (NH 4 ) 2 S0 4 was added to the supernatant. Then, the 
mixture was stirred for 30 min at 4 °C. Hie precipitated protein was'collected at 17,000 x g for 30 
min, resuspcnded in homogenization buffer containing 0.35 M sucrose, and stored in aliquots at -70 
"C. 

ODNs containing ets binding sites (5 >-GTGCCGGGGTAS£iAAGTGGGCTGGG-3'; only 
sense strands are shown) and mutated ets binding sites (5'-GTGCCGGGGTA£ettGTGGGCTGGG- 
3'; underline showed mutated sequences) were labeled as a primer at the 3' end by 3' end-labeling 
ui (Clontech Inc., Palo Alto, CA). After end-labeling, ^-labeled ODNs were purified by the 
application to Nick column (Pharmacia). The binding mixtures (10 ul) including ^-labeled 
primers (0.5 - 1 ng, 10,000-15,000 com) and 1 ug polydeoxyinosinic-deoxycytidic acid (Sigma Co.) 
W ere incubated with 10 ug nuclear extract for 30 min at room temperature and then loaded onto 
5 % polyacrylamide gel. The gels were subjected to electrophoresis, dried, and pre-incubated with 
parallel samples for 10 min before the addition of the labeled probe. As a control, samples were 
incubated with an excess (50 x, 100 x) of nonlabeled ets-1 ODN which completely abolished 
binding. Gels were analyzed by autoradiography. 

Tnvivo gene transfer using a direct injection approach to a myocardial infarction model 

For a myocardial infarction model, the left coronary artery (LCA) was ligated within 2 to 3 
nun of the proximal aorta ««. Ventricular premature beats, ventricular tachycardia, and ventricular 
fibrillation occurred after ligation and ST segment elevation was also detected on the ECG. All 
examined animals had a normal P-QRS coupling and exhibited normal sinus rhythm with an 
anesthetized heart rate of approximately 400 beats per min. Recanalization and reperfusion were 
not performed. Immediately after ligation, HVMiposome complex containing either human HGF or 
control vector (10 Mg/ml in liposomes) was directly injected into the infarcted area with a 30G 



needle through a left lateral thoracotomy. The volume of HVMposome injected into the rats was 
10 iA (0.1 ug plasmid) w \ The rats were killed at either 3hours or 14 days after the ligation for the 
analyses of RT-PCR, EIA, and HE staining. 

Monitoring cardiac blood flow 

The measurement of blood flow with Laser Doppler Imager (LDI) has been previously 
described 48 - 49 . As it was clearly demonstrated that Laser Doppler flow velocity well correlates with 
the capillary density 4W ', we measured the cardiac blood flow by means of a Laser Doppler blood 
flowmeter (Laser Doppler Image, Moor Instruments, England). Indeed, we confirmed that the 
blood flow measured by LDI was well correlated with the capillary density ( data not shown). LDI 
uses a 12-mW helium-neon laser beam that sequentially scans a 5X5 cm surface area with 
extremely high speed to be able to measure the blood flow in the myocardium. The blood flow at 1 
mm under the surface can be measured. While scanning, blood ceUs that are in motion shift as the 
frequency of projection light according to the Doppler principle. Upon the termination of scanning, 
a color-coded image representing blood flow distribution is displayed on a monitor. The perfusion 
signal is subdivided into 14 different intervals, and each interval is displayed in a separate color. 
Low or no perfusion is displayed as dark blue, whereas the highest perfusion intervals is displayed 
as white. The stored perfusion values behind the color-coded pixels remain available for the data 
analysis. Before measuring, rats were anesthetized, intubated and connected to a respirator. Then, 
the chest was widely opened through a left lateral thoracotomy to scan directly the surface of the 
hearts. Perfusion analyses were performed sequentially, a) the non-infarcted myocardium 
transfected with control vector, b) the non-infarcted myocardium transfected with HGF vector, c) 
the infarcted myocardium transfected with control vector, and d) the infarcted myocardium 
transfected with HGF vector at 14 days after the ligation and the transfection. These laser images 
were quantitatively converted into histograms that represented the amount of blood flow on the x- 
axis and the number of pixels on the y-axis in the traced area. The average blood flow in each, 
histogram was calculated to be evaluated. 



Statistical analysis 

All values are expressed as mean ± SEM. The analysis of a variance with a subsequent 



Duncan's test was used to determine the significance of differences in the multiple comparisons. 
The differences with values of less than 0.05 were considered significant. 
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Figure Legends 

Figure 1. (a) Human immunoreactive HGF in the non-infarcted myocardium untransfected 

or transfected with human HGF vector or control vector at 4 days after the transfection. 
Untransfected = the myocardium from untransfected rats, Control = the myocardium from rats 
transfected with control vector, HGF = the myocardium from rats transfected with human HGF 
vector. 

N.D. = not detected, N = 8 per group. 

(b) Measurement of rat cardiac HGF concentration in the non-infarcted myocardium 
transfected with human HGF vector or control vector at 4 days after the transfection. 
Untransfected = the myocardium from untransfected rats, Control = the myocardium from 
rats transfected with control vector, HGF s the myocardium from rats transfected with 
human HGF vector. N = 8 per group. 

Figure 2. (a) Immunofaistochemical staining of PCNA in the myocardium transfected 

with HGF or control vector. 

Representative cross-sections stained with anti-PCNA antibody: HGF - the myocardium 
from rats transfected with human HGF vector, Control = the myocardium from rats 
transfected with control vector. (200 X) 
Arrows indicate PCNA positive endothelial cells. 

(b) Effect of the transfection of human HGF vector on PCNA index (PCNA-positive 
endothelial cells) at 4 days after transfection. 

Untransfected a the myocardium from untransfected rats, Control = the myocardium from 
rats transfected with control vector, HGF = the myocardium from rats transfected with 
human HGF vector. Each group contains 7 to 8 animals. 

Figure 3. Effect of the transfection of HGF vector on the vascular formation. 

(a) Representative cross-sections: HGF = the myocardium from rats transfected with human HGF 

vector (200X, 400X), Control - the myocardium from rats transfected with control vector (200X, 

400X). 

Long arrows indicate vessels more than 10 jwn. Short arrows indicate vessels less than 10 ftm. 



(b) Effect of the transfection of human HGF vector on the number of vessels more than 10 fim 

(>10), vessels less than 10 pm (< 10) and the total number of vessels (total). 

Control = the myocardium from rats transfected with control vector, HGF = the myocardium from 

rats transfected with human HGF vector. 

##P<0.01 vs. Control. Each group contains 7 to 8 animals. 

Figure 4. (a) Gel-mobility shift assay for ets binding site. N = FMabeled ODN containing 

ets-binding site without any nuclear extract, control - nuclear extracts (30 ug) from the 
myocardium transfected with control vector incubated with P 32 -labeled ets probe for 30 minutes at 
room temperature without any competitor, HGF = nuclear extracts (30 ug) from the myocardium 
transfected with human HGF vector incubated with P 3 Mabeled ets probe, mis - non-labeled 
mismatched probe (x 50, x 100 excess), ets = non-labeled et probe (x 50, x 100 excess), 
(b) Ets binding activity assessed by densitometry. 

Control = the myocardium transfected with control vector, HGF = the myocardium transfected with 
human HGF vector. Each group contains 7 to 8 animals. 

Figure 5, Immunohistochemical staining of ets-1 protein in the myocardium transfected 

with control or HGF vector. 

Representative cross-sections stained with anti-ets-1 antibody: 

HGF = the myocardium from rats transfected with human HGF vector, Control = the myocardium 
from rats transfected with control vector (400 X). 
Arrows indicate ets-1 positive endothelial cells- 
Figure 6. (a) Measurement of human imiminoreactive HGF (a) and rat cardiac HGF 
concentration (b) in the non-infarcted myocardium untransfected or transfected with human 
HGF vector or control vector at 14 days after the transfection. 

Sham ~ the myocardium without ligation, MI = the myocardium with ligation, Ml+Control = 
the myocardium from infarcted rats transfected with control vector, MI+HGF - the 
myocardium from infarcted rats transfected with human HGF vector. 
N.D. = not detected, N = 8 per group. 
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Figure 7. Effect of the transfection of HGF vector on the vasculai formation in a 

.myocardial infarction model. 

a) Representative cross-sections: HGF {+) = the infarcted myocardium from rats transfected with 
human HGF vector (200X), HGF (-) = the infarcted myocardium from rats transfected with control 
vector (200X). 

Long arrows Indicate vessels more than 10 pm. Short arrows indicate vessels less than 10 fim. 

(b) Effect of the transfection of human HGF vector on the number of vessels more than 10 /*m, the 
vessels less than 10 fim and the total vessels. 

Control = the myocardium from rats transfected with control vector, HGF = the myocardium from 

rats transfected with human HGF vector. 

##P<0.01 vs. Control. Each group contains 7 to 8 animals. 

Figure 8. Gel-mobility shift assay for ets binding site in the infarcted hearts. 

MI= nuclear extracts (20 fig) from the myocardium transfected with control vector at 14 days after 
ligation and transfection with ^-labeled ets probe, MI+HGF= nuclear extracts (20 fig) from the 
myocardium transfected with HGF vector at 14 days after the ligation and transfection with re- 
labeled ets probe, MI+HGF+cold probe= nuclear extracts (20 fig) from the myocardium transfected 
with HGF vector at 14 days after ligation and transfection with ^-labeled ets probe and an excess 
amount of non-labeled ets probe(competitor)(x 50). 

Figure 9. Typical Image and histogram of myocardial blood flow analyzed by laser Doppler 

imager. 

a) HGF (-) In MI = Infarcted myocardium transfected with control vector, b) HGF (+) In MI = 
Infarcted myocardium transfected with HGF vector. 

Left panels show color-coded images representing blood flow distribution. Low or no perfusion is 
displayed as dark blue, whereas the highest perfusion is displayed as white. Right panels 
demonstrate typical histograms, with blood flow was converted to x-axis and number of pixels was 
converted to y-axis. 



Figure 10. Quantitative analysis of myocardial blood flow. 

Untransfected = blood flow in untransfected heart, Control = blood flow in non-infarcted heart 
transfected with control vector, HGF = blood flow in non-infarcted heart transfected with HGF 
vector, MI = blood flow in infercted heart transfected with control vector, MI+HGF = blood flow in 
infarcted heart transfected with HGF vector. 

##P<0.01 vs. Untransfected and Control. Each group contains 4 animals. 
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